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ABSTRACT 
Although recognized as an essential nutrient in 1998, more than 90% of adults (including 
pregnant women) in the United States are consuming choline at levels below recommendations. 
Choline is required for normal neurodevelopment; but, there is relatively little research 
evaluating the impact of maternal choline intake on infant or childhood health, development, or 
intelligence outcomes. Numerous rodent studies have reported diminished performance in 
learning and memory tasks of offspring following choline deficiency during gestation; however, 
rodents may not be the most appropriate model to study early life choline status. As such, pigs 
were chosen as a translational model for the human infant due to striking similarities in digestive 
physiology, neuroanatomy, and neurodevelopmental trajectory. We hypothesized that pigs would 
exhibit several negative effects of choline deficiency such as: metabolic and clinical health 
outcomes similar to humans, learning and memory outcomes similar to rodents, and long-term 
neurodevelopmental and growth delays.  
In order to evaluate these hypotheses, two similar experiments were conducted. For both 
experiments, sows were provided either a choline deficient (CD) or choline sufficient (CS) diet 
for the last 65 d of gestation (prenatal intervention). Piglets were weaned from the sow 48 h after 
farrowing and provided either a CD or CS milk replacer (postnatal intervention) for 29 ± 2 d, 
resulting in a factorial arrangement of 4 treatment (prenatal/postnatal) groups: CS/CS, CS/CD, 
CD/CS, and CD/CD. To evaluate long-term impacts of choline deficiency, half of the littermate 
piglets in the second experiment were transferred to standard University of Illinois swine 
production diets at 29 ± 1 d until 89 ± 2 d of age. The first experiment evaluated the 
metabolomic and clinical health outcomes of perinatal choline deficiency in neonatal piglets. 
Overall, the piglet appears to be a sensitive model for choline deficiency during the perinatal 
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period, as piglets did exhibit clinical health outcomes similar to humans. Specifically, liver 
enzymes such as ALP and GGT were elevated in postnatally CD piglets as compared to their 
postnatally CS counterparts. Additionally, plasma cholesterol concentrations were lower in 
postnatally CD piglets as compared to postnatally CS piglets, suggesting impaired VLDL 
excretion from the liver. In the second experiment, neurodevelopment and function were 
evaluated using magnetic resonance imaging procedures (macrostructural analysis, voxel-based 
morphometry, diffusion tensor imaging, and magnetic resonance spectroscopy) and cognitive 
performance in a spatial T-maze learning and memory task. We observed that perinatal choline 
deficiency delays brain development in terms of both overall brain size and white matter 
maturation, and alters hippocampal metabolite concentrations, but learning and memory 
performance was only minimally impacted. Additionally, long-term growth performance and 
health outcomes were evaluated. Provision of CS diets following the neonatal period reversed 
many of the observed negative impacts of perinatal choline in piglets; however, differences in 
growth performance persisted in older pigs. Taken together, maternal and early postnatal choline 
intake have both short- and long-term impacts on overall health status and growth performance 
of domestic pigs. 
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INTRODUCTION 
Choline was only recognized as an essential nutrient by the Institute of Medicine in 1998 
following many years of research in human and animal subjects. Adequate intake of choline is 
important during all life stages, but the majority of the adult population in the United States of 
America does not consume the recommended amount. In fact, data from the 2007-2010 
NHANES report suggest that more than 90% of adults in the United State of America are 
consuming insufficient quantities of choline (Fulgoni and Buckley, 2015). While the current 
choline intake by the United States of America population does not appear to have overt 
detrimental effects in adults, research suggests that inadequate intake during pregnancy and early 
in life can have detrimental and long-lasting effects on the cognitive development of offspring. 
 
METABOLISM AND FUNCTIONS OF CHOLINE 
 Choline (2-hydroxy-N,N,N-trimethylethanamonium) is a water-soluble quaternary 
ammonium compound that is often grouped with B-vitamins when discussed in nutrition. It is a 
component of all cell membranes, and is required in the diet of humans and animals (Institute of 
Medicine, 1998). Animal products (e.g., meat, eggs) are an excellent source of dietary choline, 
but large amounts may also be obtained from plant materials, such as soy products (Zeisel et al., 
2003). The adequate intakes set forth by the Institute of Medicine are as follows: women – 425 
mg/day, men – 550 mg/day, pregnant women – 450 mg/day, and lactating women – 550 mg/day 
(Institute of Medicine, 1998). 
Dietary choline is obtained either in its free form or as a phospholipid. Following 
ingestion, free choline is absorbed primarily by the jejunum via passive diffusion when 
concentrations are high (as evidenced by chicken, hamster, and guinea pig experiments), or a 
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carrier system (not sodium or energy-dependent) when concentrations are low (Zeisel, 1981), 
and transported to the liver via the portal vein. However, most of the choline is ingested in the 
phospholipid form (phosphatidylcholine), which requires digestion before it can be absorbed. 
Phosphatidylcholine is a bi-polar molecule, which contains a polar head-group (choline), 
glycerophosphoric acid, and two hydrophobic fatty acid moieties. Before the choline can be 
absorbed, at least one of the fatty acids must be cleaved by pancreatic and mucosal cell 
phospholipases (Zeisel, 1981). The resulting lysolecithin is then absorbed by the enterocyte, 
converted to glycerophosphocholine (GPC) or reformed into phosphatidylcholine, and enters the 
lymphatic system as part of a chylomicron. Several tissues (brain, kidney, liver, and spleen) 
possess phospholipase isozymes (Chen and Subbaiah, 2007; Gauster et al., 2005; Zeisel, 1981) 
which are able to cleave phosphorylcholine and fatty acids from the phosphatidylcholine, and the 
phosphorylcholine may then be metabolized to free choline within the tissue. 
Ingestion of dietary choline is not the only mechanism by which the body may obtain 
choline. The phosphatidylethanolamine-N-methyltransferase (PEMT) pathway allows for the 
formation of de novo choline molecules. The PEMT enzyme is found primarily in the liver, but 
other isozymes have been discovered with lower activities in several other tissues, including the 
brain (Zeisel, 1981). To form phosphosphatidylcholine, PEMT functions by sequentially adding 
methyl groups to the phosphatidylethanolamine molecule. In the rat, this pathway is capable of 
producing about 15% of its requirement, but the rest must be acquired via the diet (Zeisel, 1981). 
It has been observed in both rodents and humans that females of reproductive age have higher 
PEMT activity than males, or post-menopausal women (Resseguie et al., 2011; Zeisel, 1981, 
2007). 
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The requirement for choline is elevated during pregnancy, so it follows that females of 
reproductive age have increased ability to mobilize choline via elevated PEMT activity. Pregnant 
women exhibit increased circulating choline when compared to non-pregnant women, but have 
decreased circulating choline metabolites, which suggests choline may be mobilized for fetal 
delivery (Yan et al., 2012). This provision of choline is evident at birth as neonatal animals have 
as high as 6-7 times the circulating choline levels as the mother (Zeisel, 2006a). The mother 
remains the sole source of preformed choline during the nursing period, and circulating choline 
levels remain elevated through this period (Fischer et al., 2010; Yan et al., 2012), though 
maternal choline levels can be manipulated via dietary choline supplementation. This is 
especially important, as PEMT activity is very low in neonates, and requires nearly half of the 
nursing period (10 days in rats) to achieve adult levels (Pelech et al., 1983). Immature PEMT 
activity in neonates indicates that maternal choline availability is especially important, and may 
have long-lasting implications on development, especially in terms of learning and memory. 
 
CHOLINE AND COGNITION 
The importance of adequate choline intake during gestation and during the neonatal 
period is well documented (Albright et al., 1999b; Robitaille et al., 2009; Shaw et al., 2006; 
Shaw et al., 2004; Zeisel, 2006b, 2011b). Lack of proper dietary choline intake by the mother 
elevates the risk of birth defects in a fashion similar to folate deficiency (Robitaille et al., 2009; 
Shaw et al., 2006; Shaw et al., 2004). In addition to the risk of debilitating birth defects, 
gestational choline deficiency has been shown to have negative effects on brain development as 
well as on learning and memory (Craciunescu et al., 2003; Zeisel, 2006b, 2011b; Zeisel and 
Niculescu, 2006). 
5 
 
Proper development of the hippocampus is controlled by highly regulated cellular 
proliferation, migration, and differentiation to form each region of the hippocampus. Choline 
deficiency during gestation results in decreased cell proliferation in all regions of the 
hippocampus at embryonic day 17 (ED17) compared to control fetuses (Craciunescu et al., 
2003). (Craciunescu et al., 2003). Additionally, hippocampi from choline deficient (CD) ED17 
fetuses had 100% more cells in apoptosis than the control or choline supplemented (CS) groups. 
Most importantly, though there were differences in cell turnover caused by maternal choline 
deficiency, there were no differences in free choline concentrations in the brains of these fetuses. 
There were, however, decreases in choline-containing lipid (i.e., phosphocholine and 
phosphatidylcholine) concentrations in the brains of CD fetuses (Craciunescu et al., 2003). These 
decreases in choline-containing phospholipids, which are the building blocks of cell membranes, 
correspond well to the decreased cell proliferation in CD fetuses and speaks to the role of choline 
in structural development of the brain. 
Development of the hippocampus in terms of cellular turnover is altered by maternal 
choline deficiency, but it is also altered in terms of hippocampal function. Long-term 
potentiation (LTP), the increased firing of postsynaptic neurons persisting after exposure to a 
stimulus has ceased, is considered the biological mechanism behind memory formation. There 
have been multiple studies conducted exploring the effects of perinatal choline status on LTP in 
rodents, and all indicate that exposure to choline deficiency during gestation impairs LTP well 
into adulthood when compared to control animals (Jones et al., 1999; Pyapali et al., 1998). 
Specifically, when exposed to a weak stimulus, fewer hippocampi excised from CD animals 
exhibited LTP when compared to hippocampi excised from CT and CS animals.   
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These differences observed at the cellular level correlate well to differences observed in 
cognition assays where choline status was manipulated in rodents. Rats born to dams provided 
with supplemental choline during gestation performed better in a maze task that assesses both 
working (ability to remember locations visited – hippocampus dependent) and reference (ability 
to remember which arms are not baited – frontal neocortex dependent) memory (Meck et al., 
1988). In another task (Meck and Williams, 1997), rats that were born to control, CD, or CS 
dams were subjected to a peak-interval timing procedure (frontal cortex dependent). Rats 
developed a hierarchy of responses to external stimuli, including temporal inputs, based on a 
food reward system. Testing was conducted at both a young-adulthood time point (2-4 months) 
and an aged time point (24-26 months), and the outcome variable was measured as probability of 
attention. In both age groups, CS rats had improved performance, and CD altered performance 
differentially depending on the signal time. Most interestingly, maternal choline supplementation 
seemed to prevent the decline in cognitive performance that was associated with aging, and 
maternal choline deficiency seemed to accelerate this process. 
  Dietary choline availability is important throughout the life of an animal, not only during 
gestation. When young adult rats were subjected to choline deficiency and then evaluated with a 
battery of motor function and learning tasks, it was discovered that CD rats did not perform as 
well as their control counterparts (Pacelli et al., 2010). Specifically, CD rats had a shorter latency 
to fall compared with control rats, and exhibited impaired associative learning as evidenced by 
performance in an active avoidance task. The authors hypothesized that increased mitochondrial 
oxidative stress in the brain due to choline deficiency may have been partially responsible for 
these changes. These results show that adequate choline intake during adulthood is important in 
terms of cognitive function, and should not be ignored. 
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 Thus far, rodent models have provided the majority of evidence to support essentiality of 
choline for normal cognitive development. However, as a model for the human, the rodent may 
not be the ideal choice. Humans and rats differ in terms of both anatomy and rate of 
neurodevelopment. Though it would be ideal to conduct well-controlled choline deficiency 
studies in pregnant mothers or young children, this is understandably unethical; so the vast 
majority of studies in humans are based largely on epidemiology and correlations. A large study 
(Project Viva), involving over 1000 mothers from eastern Massachusetts from the first trimester 
of pregnancy until the children were 7 years old, has provided an interesting cohort of subjects to 
evaluate maternal choline intake on cognitive performance of the offspring.   
A subset of Project Viva evaluated children at 3 years of age (Villamor et al., 2012). 
Children (n=1210) were subjected to two cognition assessment paradigms: the Peabody Picture 
Vocabulary Test III (PPVT-III) and the Wide Range Assessment of Visual Motor Abilities 
(WRAVMA). The PPVT-III evaluates receptive language which has been found to correlate 
strongly with intelligence tests. The WRAVMA assesses a variety of visual memory abilities 
(visual-motor, visual-spatial, and fine motor abilities) and is most relevant when comparing what 
has been found in the rodent data. Unfortunately, this study did not find any correlations between 
maternal first- or second-trimester choline and cognition score in children 3 years of age. 
The Project Viva cohort resulted in another child cognition study (Boeke et al., 2013) 
where children at 7 years of age were evaluated, thus representing ~900 of the mother-child pairs 
from the original study. Children were subjected to visuo-spatial memory tasks [Wide Range 
Assessment of Memory and Learning, Second Edition (WRAML2); Design and Picture Memory 
subtests] and an intelligence task [Kaufman Brief Intelligence Test, Second Edition (KBIT-2)]. 
The WRAML2 subtests were chosen because the overwhelming majority of cognition research 
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conducted in rodents regarding choline status evaluates visuo-spatial memory. The Design 
Memory subtest evaluates the child’s ability to remember novel, relatively unrelated visual 
information. Children are exposed to geometric shapes in specific locations, and then are asked 
to redraw these shapes in the correct place. The Picture Memory subtest is effectively a novel 
object recognition test. Children are shown a picture, and then at a later time-point, they are 
shown the same picture with some changes made and asked to identify the changes. The KBIT-2 
evaluates 2 kinds of intelligence (verbal and nonverbal) to compile a composite intelligence 
quotient (IQ) score. 
Results from this study show that higher maternal second-trimester intakes of choline 
were correlated with higher performance on the WRAML-2 tests at 7 years of age (Boeke et al., 
2013). Similar results were observed for maternal first-trimester intakes, but the correlation was 
not as strong. Interestingly, maternal choline intake appeared to have differential impacts on 
male and female children’s scores. Males in the highest quartile of maternal choline intake 
scored 2.3 points higher on the WRAML-2 than those in the lowest quartile, whereas females in 
the highest quartile only scored 0.8 points higher than those in the lowest quartile. Additionally, 
children in the highest quartile of maternal choline intake scored higher on the KBIT-2 test for 
verbal and nonverbal intelligence than those in the lowest quartile. Though this study was 
epidemiologic and only trends were observed, it does provide evidence than prenatal choline 
status appears to be important for the development of visuo-spatial memory in children. 
Second trimester maternal plasma choline levels and early cognitive development have 
also been evaluated (Wu et al., 2012a). This prospective study utilized 154 mother-infant pairs in 
which blood was collected from the mother at 16 and 36 weeks of gestation, and the Bayley 
Scales of Infant Development-III was used to evaluate cognitive ability of the infants at 18-
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months of age. This cognition evaluation measures receptive language, expressive language, 
cognitive skills, fine motor skills, and gross motor skills. Researchers observed a strong positive 
correlation between maternal plasma choline at 16 weeks gestation and infant cognitive 
developmental score and gross motor development (Wu et al., 2012a).  Interestingly, none of the 
other methyl donors (folate, vitamin B12, or methionine) were correlated to infant cognition 
scores, but direct metabolites of choline (betaine and dimethylglycine) were positively 
correlated. Data from this study suggest that maternal choline status is very important for 
cognitive development in young children, and supports what has been shown previously in 
rodent models. 
 
THE PIGLET AS A MODEL FOR INFANT NUTRITION AND 
NEURODEVELOPMENT STUDIES  
In general, the literature is rife with examples where evidence from rodent studies of 
perinatal choline deficiency has not translated to the human clinical realm. This has likely 
resulted from the inability to conduct well-controlled clinical human studies that involve 
administration of a choline deficient gestational diet. The pig offers a novel method to explore 
the effects of pre- and postnatal choline deficiency on cognition both during early development 
and later in life. The ability to manipulate the diet of both the dam and the offspring (independent 
of the dam) is something that has not yet been conducted in rodents, and would be unethical to 
attempt in humans. As described above, choline deficiency during gestation and the early 
neonatal period may have long-lasting negative impacts on brain development and learning and 
memory, and we cannot conduct these studies in humans.  
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Miller and Ullrey reviewed the pig as a model for the human in 1987, and described the 
numerous similarities between pigs and humans that make them an ideal model to study human 
infants (Miller and Ullrey, 1987). In terms of anatomy and physiology of the digestive tract, the 
pig is more similar to the human that rodents. Most notably, the rodent can be considered a hind-
gut fermenter, and relies heavily on cecal fermentation, while the pig possesses a monogastric 
digestive tract that relies on both cecal and colonic fermentation, which is more similar to 
humans. The pig and the human share similar macronutrient body composition at birth, 3 months 
of age, and at maturity, and reach maturity at a similar relative time (~4.5% of total lifespan). 
Though the piglet increases its birth weight by nearly 1000% from birth to 6 weeks of age, and 
the human only 50%, the pig model provides an excellent opportunity to conduct studies during a 
shortened timeline. This increased rate of growth has the potential to be a detriment when 
attempting to correlate pig data to humans; however, one must consider that laboratory rodents 
are adults and reach sexual maturity by 6 weeks of age. 
Recently, Odle and others (2014) put forth a review detailing the use of the piglet in 
biomedical studies involving pediatric nutrition and metabolism. Currently, piglets are utilized to 
study lipid metabolism, pre- and probiotics in terms of intestinal health, necrotizing enterocolitis, 
and total parenteral nutrition, among other areas. Piglet metabolism has now been extensively 
studied, and the wealth of information increases the utility of the piglet as a model. We are more 
aware of the similarities and importantly, the differences, between piglets and infants, and are 
able to manipulate study design to accommodate and explain these effects. 
In addition to similarities in metabolism and digestive anatomy, the pig and the human 
are also remarkably similar in terms of neurodevelopment. Most of the research involving 
choline status and perinatal neurodevelopment has been conducted in rodents; a species which 
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possess lissencephalic (i.e., smooth) brain anatomy. Pigs and humans both possess gyrencephalic 
brains, which include both gyri and sulci.  Another useful similarity between humans and pigs is 
the timing of neurodevelopment. At birth, the human brain is about ~27% of its adult weight, the 
pig’s brain is ~25%, and the brain of the rat is only ~12% of its adult weight (Dobbing and 
Sands, 1979). Roughly 50% of brain development in the pig and human occurs in utero, while 
the majority of neurodevelopment in the rat occurs postnatally.  
 As shown above, the pig is a suitable model to study human nutrition, and the piglet is an 
excellent model to study infant nutrition and development. This quality in combination with 
similarities in neurodevelopment make the piglet an excellent candidate to study the effects of 
perinatal nutrition on neurodevelopment. Iron deficiency is the most common micronutrient 
deficiency worldwide, and the piglet model was utilized to study the effects of early postnatal 
iron deficiency on early-life cognitive development (Rytych et al., 2012). The authors used a 
hippocampal-dependent T-maze task and found that early life iron deficiency causes 
impairments in cognitive performance, which is in line with the cognitive impairments that are 
observed in human subjects. 
 In addition to the usefulness of the T-maze task to evaluate a nutritional deficiency, this 
cognitive test has also been used to evaluate the effects of early-life viral infection on cognitive 
development. To set the stage for the piglet as a model to study viral infection, piglets were 
subjected to polyinosinic:polycytidylic acid to simulate the immune response elicited by viral 
infection, and then required piglets to complete an associative 8-maze radial-arm task (Dilger 
and Johnson, 2010). When exposed to a viral mimetic, piglets exhibited impaired performance in 
this associative task, which indicates that piglets are also sensitive to immunologic insults, and 
furthers the applicability of the piglet model in maze-based behavior research.  
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The next step in this line of research was to expose piglets to an actual viral infection and 
to examine the effects on cognitive development. Porcine Reproductive and Respiratory 
Syndrome Virus (PRRSv) is a disease which has been used to mimic the effects of respiratory 
syncytial virus in young children (Elmore et al., 2014), and is an excellent model to study the 
effects of early-life respiratory infection on cognition in infants. This study showed that piglets 
exposed to PRRSv took longer to learn the hippocampus-dependent T-maze task, spent more 
time choosing a reward arm, and traveled further in the maze than control piglets. Taken 
together, these results demonstrate the flexibility of the piglet to model both nutritional and 
inflammatory insults early in life on neurodevelopment.   
Though cognition tasks are a useful tool to evaluate neural function and development, 
there are other in vivo measurements that are able to more clearly pinpoint alterations in 
development. Conrad and others (2012a; 2012b; 2014) put forth a series of manuscripts which 
detail assessment of the domestic pig brain, using magnetic resonance imaging (MRI) procedures 
to examine macrostructural development of the porcine brain from 2- to 24 weeks of age. 
Additionally, there are now several pig brain atlases which may be used to compare experimental 
data to the ‘normal’ specimen (Conrad et al., 2014; Gan et al., 2014; Saikali et al., 2010). 
With the development of standardized pig brain atlases, we are now able to expand the 
utility of MRI technology to study in vivo brain development of the piglet. These MRI methods 
have been utilized to study the effects of small for gestational age or low birth-weight status on 
neurodevelopment in piglets (Radlowski et al., 2014). Small for gestational age, or low 
birthweight status, has been recognized as a physiological model for human infants, which has 
many implications for both metabolic and neurodevelopmental issues. This study utilized 
magnetic resonance spectroscopy (MRS) to evaluate metabolite concentration in the brain and 
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diffusion tensor imaging (DTI) to evaluate microstructural white matter development in addition 
to macrostructural development in the piglet. Though the focus of this experiment was to 
ascertain the neurodevelopmental differences between average for gestational age and small for 
gestational age, an extremely important facet of this experiment was the characterization of the 
‘normal’ piglet in terms of MRS and DTI. 
 
CHOLINE DEFICIENCY IN THE PIG 
The piglet provides an excellent opportunity to study neurodevelopment in infants in 
terms of choline status. There have been several nutrition experiments conducted in pigs 
regarding choline deficiency to determine the choline requirement of swine of all ages and the 
results of exposure to choline deficient diets were remarkably similar to what is observed in 
humans.   
Pigs are sensitive to dietary choline status, and exhibit decreased growth performance, 
gait abnormalities, hematologic abnormalities, and fatty liver when exposed to dietary choline 
deficiency during early postnatal life (Johnson and James, 1948).  Furthermore, pigs receiving 
choline-devoid diets exhibit decreased hematocrit and hemoglobin concentrations, elevated 
alkaline phosphatase (ALP, an indicator of liver stress), and decreased growth performance 
(Russett et al., 1979b).  Based on these markers, the authors determined the choline requirement 
of the weanling pig to be between 330 and 520 mg • kg-1 of feed, and now with additional 
research, the current requirement is set at 610 mg • kg-1 feed (NRC, 2012) for weanling pigs. 
As demonstrated above, the pig is sensitive to dietary choline status and appears to be an 
ideal model with which to study humans. Pigs exhibit signs of hepatic steatosis similar to their 
human counterparts when exposed to choline deficiency. Additionally, it has been observed that 
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RBC metabolism is altered in choline-deficient pigs, which speaks to inhibited cell maturation 
due to lack of cell-membrane components (phosphatidylcholine and similar phospholipids). 
Though human mothers and infants are not consuming diets devoid of choline, research in pigs 
has shown that even diets which are low in choline have adverse effects. These findings are in 
line with what has been observed in both humans and rodents, and the pig appears to be a more 
than suitable model to study choline deficiency in humans. 
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CHAPTER TWO 
 
MODERATE PERINATAL CHOLINE DEFICIENCY ELICITS ALTERED 
PHYSIOLOGY AND METABOLOMIC PROFILES IN THE PIGLET1 
                                                            
1 CM Getty and RN Dilger. Moderate perinatal choline deficiency elicits altered physiology and metabolomic  
profiles in the piglet. PLoS One. 2015;10(7):e0133500. 
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ABSTRACT 
Few studies have evaluated the impact of dietary choline on the health and well-being of 
swine, and those pivotal papers were aimed at determining dietary requirements for sows and 
growing pigs. This is of importance as the piglet is becoming a widely accepted model for 
human infant nutrition, but little is known about the impacts of perinatal choline status on overall 
health and metabolism of the growing piglet. In the present study, sows were provided either a 
choline deficient (CD, 625 mg choline/kg dry matter) or choline sufficient (CS, 1306 mg 
choline/kg dry matter) diet for the last 65 d of gestation (prenatal intervention). Piglets were 
weaned from the sow 48 h after farrowing and provided either a CD (477 mg choline/kg dry 
matter) or CS (1528 mg choline/kg dry matter) milk replacer (postnatal intervention) for 29 ± 2 
d, resulting in a factorial arrangement of 4 treatment (prenatal/postnatal) groups: CS/CS, CS/CD, 
CD/CS, and CD/CD. Piglet growth was normal for artificially-reared piglets, and was not 
impacted by perinatal choline status. Piglets receiving the postnatal CD treatment had lower (P < 
0.01) plasma choline and choline-containing phospholipid concentrations and higher (P < 0.05) 
liver enzyme (alkaline phosphatase and gamma-glutamyl transferase) values compared with 
piglets receiving the postnatal CS treatment. Hepatic lipid content of piglets receiving the 
postnatal CD treatment was higher (P < 0.01) compared with piglets receiving the postnatal CS 
treatment. Additionally, postnatally CD piglets had lower (P = 0.01) plasma cholesterol than 
postnatally CS piglets. Brain development was also impacted by perinatal choline status, with 
brains of piglets exposed to prenatal CD being smaller (P = 0.01) than those of prenatally CS 
piglets. These findings demonstrate that the piglet is a sensitive model for choline deficiency 
during the perinatal period. Piglets exhibited similarities in health markers and metabolomic 
profiles to rodents and humans when exposed to moderate choline deficiency. 
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INTRODUCTION 
Choline is an essential dietary nutrient in humans and animals; however, 90% of adults 
consume choline at or below the adequate intake level (Institute of Medicine, 1998; Jensen, 
2007; Zeisel, 2000a). Of the nearly 900 women participating in a gestational nutrient intake 
study (Project Viva), 85% were consuming choline below the adequate intake (AI, 450 mg/d) 
(Institute of Medicine, 1998) during the first and second trimesters (Boeke et al., 2013). 
Moreover, evidence suggests choline consumption by pregnant women may even be less than 
400 mg/d (Cheatham et al., 2012). To compound this problem, recent studies (Yan et al., 2013; 
Yan et al., 2012) have shown that recommended intake levels may be set too low for pregnant 
women. 
Though knowledge regarding choline and neonatal development in humans is lacking, it 
has been well-documented that sufficient choline intake remains important throughout life. 
Choline is required for cell membrane synthesis, export of very low density lipoprotein (VLDL) 
from the liver, myelin synthesis, neurotransmitter synthesis, and one-carbon metabolism. While 
the body can synthesize phosphatidylcholine de novo via the phosphatidylethanolamine N-
methyltransferase (PEMT) pathway, this metabolic route is insufficient to meet physiological 
requirements (Institute of Medicine, 1998). Choline deficiency during adulthood results in liver 
dysfunction, non-alcoholic fatty liver disease, and liver cell death due to the inability of the liver 
to package and excrete VLDL (Zeisel and Blusztajn, 1994; Zeisel et al., 1991). Metabolomic 
analyses have recently provided evidence that adults subjected to choline deficiency exhibit 
altered fatty acid metabolism, as well as liver and kidney function (Sha et al., 2010). 
To date, most studies exploring the impact of perinatal choline deficiency on metabolism 
and neurodevelopment have been conducted in rodents. However, there are several differences 
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between rodents and humans which make translation of nutritional effects difficult. Utilizing an 
animal model that possesses anatomy and physiology more similar to humans may provide novel 
insights into perinatal choline status. To this end, the pig may be an ideal animal model to study 
the effects of perinatal choline deficiency. Humans and pigs share striking similarities in 
anatomy, physiology, metabolism, nutrient requirements, and neurodevelopment (Dobbing and 
Sands, 1979; Miller and Ullrey, 1987; Moughan et al., 1992; Pond, 2001). As a precocial species, 
pigs are mobile and can be easily weaned onto an artificial milk replacer immediately following 
birth (Dilger and Johnson, 2010; Elmore et al., 2012; Rytych et al., 2012), which allows precise 
control over perinatal choline status in a way that has not yet been accomplished in rodents, and 
cannot ethically be conducted in human infants. 
Considering use of the pig has distinct advantages in the study of metabolism, our 
objective was to characterize how moderate prenatal and postnatal choline deficiency influenced 
piglet growth, overall health status, and metabolic profiles. Based on previous research involving 
perinatal choline deficiency, we hypothesized that piglets exposed to moderate choline 
deficiency would exhibit abnormal metabolic patterns compared with piglets exposed to 
sufficient perinatal choline supply. 
 
MATERIALS AND METHODS 
 
Ethics Statement 
All animal care and experimental procedures were in accordance with the Guide for the 
Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use 
Committee of the University of Illinois (Protocol 10125). 
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Animals and Housing 
Eight multiparous Yorkshire sows (University of Illinois Imported Swine Research 
Laboratory herd), bred to either Duroc (n=7) or Yorkshire (n=1) boars, were housed in standard 
gestation and farrowing crates for the duration of this experiment. Beginning on d 50 of the 114 
d gestation period, sows were assigned to one of two experimental diets (prenatal intervention) 
containing either a sufficient (CS) or deficient (CD) dietary concentration of choline. This 
feeding period was chosen in order to minimize risk of fetal loss due to choline deficiency (Nafe 
and Leach, 2014; Stockland and Blaylock, 1974), is the gestational period most relevant to brain 
development (Dobbing and Sands, 1979), and mimics numerous rodent studies evaluating 
choline status and hippocampal development (Meck et al., 1989; Meck and Williams, 1997; 
Pyapali et al., 1998).  
Two replicates of this experiment, using 2 CS and 2 CD sows each, were performed 
using consecutive farrowing groups. Sows were fed once each day (0700 h) to maintain body 
condition and were allowed ad libitum access to water. Experimental gestation diets were 
provided until 48 h after farrowing. Prior to provision of experimental diets (d 50 of gestation) 
and again within 48 h after giving farrowing, blood was collected from sows via jugular 
venipuncture into heparinized tubes between 1300 and 1500 when post-prandial plasma choline 
concentrations had stabilized (Jakob et al., 1998). Blood was centrifuged at 1,300 × g for 10 min 
at 4°C and plasma stored at -80°C until analyzed. 
A total of 32 piglets (n=8 per treatment group, with 4 female and 4 intact male piglets per 
group) were assigned to one of two custom milk replacer formulations (postnatal intervention): 
CD or CS. Between the prenatal (i.e., sow gestation diets) and postnatal (i.e., piglet milk 
replacers) treatments, this study employed a total of 4 treatment groups: CS/CS, prenatal and 
25 
 
postnatal choline sufficient; CS/CD, prenatal choline sufficient and postnatal choline deficient; 
CD/CS, prenatal choline deficient and postnatal choline sufficient; and CD/CD, prenatal and 
postnatal choline deficient. Piglets were assigned to treatment groups by evenly distributing 
genetics, sex, and weight. Starting piglet weights for each treatment group were as follows: 
CS/CS, 1.79 ± 0.06 kg; CS/CD, 1.77 ± 0.06 kg; CD/CS, 1.72 ± 0.06 kg; CD/CD, 1.75 ± 0.06 kg. 
Piglets were moved to the artificial rearing system at 48 h of age, which allowed all 
piglets to receive colostrum, and immediately provided postnatal experimental treatments. The 
artificial rearing system was similar to what was previously described (Elmore et al., 2012; 
Rytych et al., 2012), with the following differences: stainless steel cages measured (1.03 m deep 
x 0.77 m wide x 0.81 m high) and had multiple 2.54 cm diameter holes drilled in the sides for 
ventilation with clear, Plexiglas doors, and a towel and a soft rubber toy were provided for 
enrichment. Climate was maintained between 23-31°C using a combination of heat lamps and 
electric heat mats, and a 12 h-light/12 h-dark cycle was maintained with light from 0600 to 1800. 
Piglets were weighed individually each morning. If piglets developed diarrhea, they were placed 
on an electrolyte solution and provided supplemental water, and if the diarrhea did not resolve 
within 48 h, piglets received a single dose of ceftiofur (5.0 mg ceftiofur equivalent/kg of body 
weight i.m [Excede, Zoetis, Florham Park, NJ]). If fluid loss continued after treatment, piglets 
then received a single dose of sulfamethoxazole and trimethoprim oral suspension (50mg/8mg 
per mL, Hi-Tech Pharmacal, Amityville, NY) for 3 consecutive days. Because of the 
unseasonably warm weather when this study was conducted (31.8°C [2012] vs. 28.7°C 
[historical average]), sows were allowed to farrow without induction, which resulted in final 
piglets ages between 27-30 d.  
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Dietary Treatments 
Corn and soy protein isolate-based sow diets were formulated to meet requirements for 
all nutrients, except choline (Table 2.1; NRC, 2012). From d 50 of gestation through 48 h after 
farrowing, sows received either a choline sufficient diet (analyzed as 1,306 mg of choline/kg of 
DM) or a choline deficient diet (analyzed as 625 mg of choline/kg of DM). On d 94 of gestation, 
a prophylactic antibiotic (BMD 60, Alpharma, Bridgewater, NJ) was added to sow diets 
according to manufacturer specifications to prevent Clostridium perfringens diarrhea in piglets.   
Powdered soy-based milk replacer formulas (Test Diet, St. Louis, MO) were formulated 
to meet requirements of all nutrients, except choline, for the young pig (Table 2.2; NRC, 2012). 
The primary protein source was a human food-grade, dispersible soy protein isolate (Ardex F, 
Archer Daniels Midland, Decatur, IL). Upon arrival to the animal care facility at approximately 
PD 2, piglets received either a choline sufficient formula (analyzed as 1,528 mg of choline/kg of 
DM) or a choline deficient formula (analyzed as 477 mg of choline/kg of DM) for the duration of 
the feeding study. It is important to note that the CS milk replacer provided a similar 
concentration of choline (306 mg/L) as sow’s milk (364 mg/L) (Oliveira et al., 2013). Choline 
concentration of the sow’s milk in this study was not measured. Milk replacer formula was 
reconstituted fresh at least 4 times daily to a final concentration of 200 g of milk replacer powder 
per L using tap water. The liquid milk replacer was then supplied at 285 mL/kg of body weight 
for study d 0-10, 300 mL/kg body weight for study d 11-16, and 325 mL/kg body weight for 
study d 17-30. Feeding rates and intervals (every 2-4 h, beginning at 1000 and ending at 0200 the 
following morning) were increased based on growth performance of the piglets being fed the 
choline sufficient milk replacer. 
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Blood and Tissue Collection 
At study conclusion, piglets were anesthetized using a telazol:ketamine:xylazine solution 
(50.0 mg of tiletamine plus 50.0 mg of zolazepam reconstituted with 2.50 mL ketamine [100 
g/L] and 2.50 mL xylazine [100 g/L]; Zoetis, Florham Park, NJ). The anesthetic combination 
was administered i.m. at 0.03 mL/kg body weight. After verifying anesthetic induction, piglets 
were euthanized via intracardiac administration of sodium pentobarbital (86.0 mg/kg of body 
weight; Fatal Plus; Vortech Pharmaceuticals, Dearborn, MI). Immediately following 
determination of death, heads were removed, and trunk blood was collected for plasma (both 
lithium heparinized and EDTA blood were collected) and serum, prior to removing, weighing, 
and dissecting whole brains and livers from piglets. All tissue samples were immediately snap-
frozen in liquid nitrogen, and stored at -80°C until processing. 
 
Laboratory Analyses 
Dietary Treatments   
Gestation diet and milk replacer samples were analyzed for dry matter (AOAC, 934.01), 
organic matter and ash (AOAC, 942.05), amino acids (AOAC, 982.30), crude fat (by ether 
extract, AOAC, 920.39), and crude protein (by combustion analysis of total nitrogen; Leco 
Corp., St. Joseph, MI; assumed a correction factor of 6.25, AOAC, 990.03) by the University of 
Missouri Agricultural Experiment Station Chemical Laboratories. Diet samples were also 
analyzed for gross energy by adiabatic bomb calorimetry (Parr Instruments, Moline, IL). 
Additionally, all experimental diets were analyzed for folic acid (AOAC, 1990) and choline 
(AOAC, 999.14) by an external laboratory (Eurofins US, Des Moines, IA). All dietary analytical 
information can be found in Table 2.3.  
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Lipid Analysis 
Choline and phospholipid content of heparinized plasma were assayed using a 
colorimetric procedure (Phospholipid Assay Kit, KA1635; Abnova, Taipei City, Taiwan). The 
assay was run according to manufacturer instructions, and colorimetric results were determined 
using a plate reader (Biotek, Winooski, VT). Briefly, choline was cleaved from choline-
containing phospholipids by phospholipase D, and the resulting choline was subsequently 
oxidized to betaine by choline oxidase. Evolved H2O2 concentrations were then quantified using 
horseradish peroxidase to produce color at 570 nm. Colorimetric results were plotted against a 
standard curve generated by subjecting serial dilutions of phosphatidylcholine to the same 
protocol (detection range, 3 – 200 µmol/L; intra-assay CV, 2.3%). Liver samples were analyzed 
for dry matter (AOAC, 934.01) and acid hydrolyzed fat (AOAC 922.06), the intra-assay CV for 
acid hydrolyzed fat was 9.4%. 
 
Blood Chemistry and Complete Blood Count 
Whole blood (heparinized and EDTA) from euthanized piglets was submitted to the 
University of Illinois College of Veterinary Medicine Animal Diagnostic Laboratory for blood 
chemistry analysis, which included: creatinine, blood urea nitrogen (BUN), total protein, 
albumin, calcium, phosphorus, sodium, potassium, chloride, glucose, alkaline phosphatase 
(ALP), aspartate aminotransferase (AST), gamma-glutamyltransferase (GGT), total bilirubin, 
creatine kinase, cholesterol, CO2, glutamate dehydrogenase (GLDH), and magnesium. A 
complete blood count with differential was also performed by trained staff using a combination 
of automated and manual procedures.   
 
29 
 
Metabolomics 
Plasma (derived from EDTA whole blood) was submitted for global, non-targeted 
metabolomics analyses (Metabolon, Inc., Durham, NC). Briefly, samples were processed using 
the MicroLab STAR© system (Hamilton Company, Reno, NV), which included the addition of 
recovery standards, protein fraction removal, and removal of organic solvents. Samples were 
then prepared for either liquid chromatography/mass spectrometry (LC/MS) electrospray 
ionization tandem mass spectroscopy or gas chromatography/mass spectrometry (GC/MS) 
procedures. Protocols for LC/MS (Evans et al., 2009) and GC/MS (Ohta et al., 2009) were 
previously described with the following GC/MS deviation: the initial oven temperature was 40°C 
ramped to 300°C in a 16 min period. Compounds were identified by comparison to library 
entries of purified standards or recurrent unknown entries. Identification of known chemical 
entities was based on comparison to metabolomic library entries of purified standards. At the 
time of analysis, there were more than 1,000 commercially available standards with which to 
compare. 
 
Statistical Analysis 
Data analysis was conducted using the MIXED procedure of SAS (SAS Inst. Inc., Cary, 
NC). Sow performance data (litter size, birth weight, and piglets lost) were analyzed as a 1-way 
ANOVA (prenatal choline status) with sow as the experimental unit. Growth data were analyzed 
as a 3-way repeated measures ANOVA (prenatal choline status, postnatal choline status, and day 
as the repeated measure), with farrowing group as a blocking factor. All other data were 
analyzed as a 2-way ANOVA with main effects of prenatal choline status, and postnatal choline 
status, with farrowing group as a blocking factor. Significance was accepted at P < 0.05, with 
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trends denoted at 0.05 < P < 0.10. Data are presented as least square means ± SEM. Individual 
piglet was considered the experimental unit. 
 
RESULTS 
Sow and Piglet Performance Measures 
All sows carried their pregnancy to term, and there were no differences in litter size (CS, 
8.3 ± 1.6 piglets; CD, 9.0 ± 1.6 piglets; P = 0.75), piglet birth weights (CS, 1.59 ± 0.04 kg; CD, 
1.52 ± 0.04 kg; P = 0.22), or the number of piglets that were born dead or had been laid on (CS, 
0.8 ± 0.7 piglets; CD, 2.5 ± 0.7 piglets; P = 0.15) at the time of processing between CS and CD 
sows. Additionally, plasma choline-containing phospholipid concentrations did not differ (P = 
0.48) at the time of farrowing with 588 ± 61 µmol/L or 654 ± 61 µmol/L in sows fed sufficient or 
deficient gestation diets, respectively.  
Body weight gain of piglets was normal for piglets raised in an artificial rearing system 
(Conrad et al., 2012a; Conrad et al., 2012b; Dilger and Johnson, 2010; Elmore et al., 2012; 
Rytych et al., 2012). There was no difference (P = 0.48) in mean starting weight of piglets 
among the 4 perinatal treatments (Fig. 2.1), and piglets exhibited no differences in rate of body 
weight gain (P = 0.90) or overall body weight at conclusion of the study (P = 0.35). 
Interestingly, perinatal choline status impacted brain growth in neonatal piglets (Fig. 2.1). A 
main effect of prenatal choline status (P = 0.01) was observed for relative brain weights of 
piglets at PD 27-30, where prenatally CS piglets had larger brains than prenatally CD piglets. 
 
Piglet plasma choline and chemistry profiles 
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Postnatal choline status significantly impacted plasma free choline + choline-containing 
phospholipid concentrations in piglets (Fig. 2.2A), where postnatally CD piglets had lower (P < 
0.01) levels than postnatally CS piglets. There was a main effect of postnatal choline status on 
plasma levels of ALP and GGT, where postnatally CD piglets had higher (P = 0.02) levels of 
both enzymes when compared with postnatally CS piglets (Table 2.4). An interactive effect (P = 
0.01) was observed for AST, where values for CD/CD and CD/CS piglets were not different, but 
were higher than for CS/CS piglets, whereas CD/CD piglets were not different than any other 
group. However, this effect may be due in part to a similar interactive effect observed for 
hemolysis of blood samples. There was a main effect of postnatal choline status on plasma 
cholesterol concentrations where postnatally CD piglets had lower (P = 0.01) concentrations than 
postnatally CS piglets. Moreover, there was an interactive effect (P = 0.02) of perinatal choline 
status on creatine kinase where CS/CD and CD/CS piglets tended to have greater concentrations 
than CS/CS and CD/CD piglets. Additionally, prenatally CS piglets had higher (P = 0.02) plasma 
immunoglobulins than prenatally CD piglets, without an accompanying change in plasma 
albumin. 
 
Piglet CBC profiles 
 Perinatal choline deficiency minimally impacted complete blood count (CBC) profiles of 
piglets (Table 2.6). There were no differences in any red blood cell (RBC) parameter (total RBC, 
hematocrit [Hct], hemoglobin [Hb], or mean corpuscular hemoglobin [MCH]) except for mean 
corpuscular hemoglobin concentration (MCHC), which exhibited a main effect of prenatal 
choline status, with prenatally CS piglets having lower (P = 0.05) values than prenatally CD 
piglets. There were no differences in any white blood cell (WBC) parameter (total WBC, total 
32 
 
lymphocytes, total monocytes, total eosinophils, or total basophils) except for total neutrophil 
concentration, which exhibited a main effect of postnatal choline status, with postnatally CS 
piglets having more (P = 0.04) neutrophils than postnatally CD piglets (data not shown). Finally, 
there were no effects of perinatal choline status on total platelet concentration. 
 
Hepatic Lipid Content 
Although there were no effects of perinatal choline status on liver weight as a percent of 
body weight, livers of piglets that received the postnatal CD treatment had a higher (P < 0.01) 
lipid concentration compared with piglets receiving the postnatal CS treatment, regardless of 
prenatal choline status (Fig. 2.3).  
 
Metabolomics  
Metabolomics analysis detected a total of 276 metabolites, of which 98 were significantly 
affected by the main effects of prenatal or postnatal treatment, or the interaction of prenatal and 
postnatal treatment (Table 2.5). Five main metabolic pathways were altered by perinatal choline 
status: one-carbon metabolism, membrane lipid metabolism, general lipid metabolism, glucose 
metabolism, and free fatty acid and dicarboxylate metabolism. 
 
One-carbon metabolism 
There was a main effect of postnatal choline status on plasma choline, where postnatally 
CD piglets had lower (P < 0.01) choline than postnatally CS piglets (Fig. 2.2B). Similarly, there 
was a main effect of postnatal choline status on plasma betaine where postnatally CD piglets had 
lower (P < 0.01) betaine than postnatally CS piglets (Fig. 2.2C). Finally, there was a trend for 
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prenatally CD piglets to have lower (P = 0.05) plasma methionine than prenatally CS piglets 
(Fig. 2.2D). 
 
Membrane lipid metabolism 
There was a main effect of postnatal choline status on plasma glycerol-3-phosphate, 
where postnatally CD piglets had lower (P = 0.04) glycerol-3-phospate than postnatally CS 
piglets. Interactive effects (P < 0.05) between prenatal and postnatal choline status were 
observed for 1-linoleoylglycerophosphocholine and 1-palmitoleoylglycerophosphocholine, 
where piglets exposed to choline deficiency either prenatally or postnatally had lower 
concentrations than the CS/CS group (Table 2.5). 
 
General lipid metabolism 
There was a main effect of postnatal choline status on carnitine, where postnatally CD 
piglets had higher (P < 0.01) carnitine than postnatally CS piglets. Interactive effects (P < 0.05) 
between prenatal and postnatal choline status were observed for acetylcarnitine and 3-
dehydrocarnitine, where CS/CS and CD/CS pigs were lowest and not different, CD/CD pigs 
were relatively higher, and CS/CD pigs were the highest among all groups (Table 2.5). 
 
Glucose metabolism 
There were no effects of prenatal or postnatal choline status on glucose per se, but other 
metabolites involved in glycolysis were altered by perinatal choline status. There was an 
interaction between prenatal and postnatal choline status on 3-phosphoglycerate and 
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phosphoenolpyruvate (P < 0.05) where reciprocal prenatal and postnatal choline status (i.e., 
CS/CD and CD/CS) resulted in elevated concentrations of these metabolites (Table 2.5). 
 
Free fatty acid and dicarboxylate metabolism 
Main effects (P < 0.05) of postnatal choline status were observed for arachidonic acid, 
docosahexaenoic acid, and dodecanedionate, where postnatally CD piglets had higher 
concentrations than postnatally CS piglets (Table 2.5). 
 
DISCUSSION 
This study investigated the effects of perinatal choline deficiency on physiologic and 
metabolic patterns in the neonatal piglets. Specifically, we sought to determine whether prenatal 
or postnatal choline status was more important for overall health and metabolism of the neonatal 
piglet. Overall, we observed that postnatal choline status was most influential on general 
metabolism and health parameters at 4 weeks of age; however, there were many instances where 
both pre- and postnatal choline status were impactful. As such, two main findings were observed: 
1) the neonatal piglet exhibits physiological effects of perinatal choline deficiency similar to 
humans and rodents and 2) prenatal choline status affects postnatal metabolic patterns. 
 
Piglets exhibits physiological effects of choline deficiency similar to humans and rodents 
Regardless of prenatal treatment, piglets receiving CD milk replacer exhibited 
metabolomic profiles similar to adult humans exposed to choline deficiency (Sha et al., 2010). 
Carnitine and its related metabolites were increased in plasma, and choline and its associated 
metabolites (e.g., betaine, dimethylglycine, and sarcosine) were decreased due to choline 
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deficiency in both humans and piglets. It may be that these elevations in choline metabolites are 
due to increased use of choline in the PEMT pathway, as these are intermediates in the 
demethylation of choline (Yan et al., 2012).  
It is well known that choline deficiency (often coupled with methionine deficiency) 
causes lipid accumulation in the liver of adult mice and humans (Itagaki et al., 2013; Zeisel and 
Blusztajn, 1994; Zeisel et al., 1991). We know that a choline deficient diet in early life can also 
result in hepatic steatosis in the piglet. Adequate choline is required for hepatic packaging of 
VLDL and excretion into general circulation. This lipid accumulation places stress on the liver, 
which can be characterized clinically by increased circulating liver enzyme concentrations. 
Additionally, the accumulation of hepatic lipid should be mirrored by decreased circulating 
cholesterol concentrations in postnatally deficient subjects. Indeed, in our study, piglets exposed 
to postnatal choline deficiency exhibited increased circulating liver enzymes (i.e., ALP and 
GGT), decreased plasma cholesterol concentrations, and increased circulating immunoglobulins, 
which suggests the young pig responded to choline deficiency in a similar fashion to rodents and 
humans.  
Though many studies evaluate the effects of choline deficiency on the liver or brain, there 
is some indication that skeletal muscle may also be affected. Muscle damage has been 
demonstrated in a human choline deficiency study (Sha et al., 2010), where it was observed that 
a small portion of the study population developed muscle damage (elevated serum creatine 
phosphokinase), and the authors correlated changes in certain metabolites with this damage. In 
our study, perinatal choline deficiency appeared to result in muscle damage, as indicated by 
increased circulating creatine kinase (a marker of muscle damage) and AST in piglets exposed to 
differing choline status either prenatally and postnatally. Thus, piglets exhibited some of the 
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same clinically-important changes as observed in human subjects, including increases in 
carnitine, glutamine, and glycine, and decreases in choline, sarcosine, and dimethylglycine. In a 
study conducted in a cell culture model (Michel et al., 2011), researchers observed that skeletal 
muscle cells grown in a choline deficient culture media exhibited lipid accumulation and altered 
choline uptake at both the cell surface and mitochondrial membranes. These results, coupled 
with our findings, suggest that increased circulating concentrations of muscle-related enzymes 
may be due in part to lipotoxicity caused by fat accumulation in the muscle.  
We speculate that skeletal muscle of piglets exposed to choline deficiency prenatally may 
be programmed to efficiently respond to choline deficiency postnatally, whereas pigs subjected 
to a choline sufficient uterine environment may exhibit abnormal muscle metabolism when 
exposed to postnatal choline deficiency. Thus, in terms of muscle and liver health biomarkers, 
and blood chemistry values, the piglet appears to be a sensitive model to study perinatal choline 
deficiency in humans. These observations warrant further investigation in the pig model, as 
skeletal muscle metabolism was not directly examined in the present study. 
 
Differential prenatal and postnatal choline exposure affect metabolomic profiles of piglets   
In addition to alterations in choline metabolism caused by perinatal choline deficiency, 
changes in several other metabolic pathways were observed. Choline is an integral component of 
cell membranes due to the bipolar nature of choline-containing phospholipids, and exposure to 
choline deficiency during the perinatal period decreased the concentration of choline-containing 
lysolipids (similar to phospholipids, but only contain one fatty acid) in piglets. In addition to 
decreased lysolipid concentrations, CD/CS piglets also exhibited decreased circulating 
concentrations of ethanolamine-containing lysolipids compared with CS/CS piglets. Whereas 
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lysolipid concentrations were decreased in general, glycerophosphorylcholine (a metabolite 
directly related to phospholipid metabolism) was not affected, indicating that decreased choline 
availability, rather than increased membrane lipid degradation, may be responsible for these 
changes. Taken together, these observations suggest that postnatal choline deficiency results in a 
specific reduction in choline-containing phospholipids, and prenatal choline deficiency results in 
universal membrane lipid reduction.  
In addition to membrane lipid metabolism, general lipid metabolism was affected by 
perinatal choline deficiency. Specifically, postnatal deficiency resulted in pronounced 
accumulations of carnitine-related metabolites, which help to facilitate β-oxidation in the 
mitochondria. Increases in plasma long-chain fatty acid concentrations suggested a reduction in 
degradation and utilization of these fatty acids, which is consistent with carnitine-related 
metabolites remaining unconjugated and not facilitating transport into the mitochondria (Carter 
and Frenkel, 1978; Corredor et al., 1967). These findings provide additional support for 
increased PEMT activity in postnatally CD piglets (da Costa et al., 2011). Dicarboxylic acids 
such as hexadecanedioate, produced by ω-oxidation in the endoplasmic reticulum and 
peroxisome and then degraded via β-oxidation, were also enriched in the plasma of postnatally 
CD piglets. Taken together, these data indicate that postnatal choline deficiency may result in 
impaired β-oxidation, which is consistent with previous observations (Pacelli et al., 2010) where 
those rats exposed to dietary choline deficiency had impaired mitochondrial function.  
Lipid metabolism was impacted most strongly by choline deficiency; however, glucose 
utilization was also affected in the piglet. Previous studies have shown that choline deficiency 
can have impacts on glucose metabolism elicited as improved glucose tolerance and insulin 
sensitivity in ob/ob mice with hepatic lipidosis (Wu et al., 2012b). In the piglet, glycolytic 
38 
 
intermediates such as 3-phosphoglycerate and phosphoenolpyruvate were differentially affected 
by choline deficiency. Specifically, CS/CD and CD/CS groups were associated with elevations in 
circulating glycolytic intermediates when compared with the CS/CS group, whereas within the 
prenatal deficiency groups, trending reductions in glycolytic intermediates were observed. Future 
studies in piglets would be valuable to specifically explore the impact of choline deficiency on 
glucose handling in models with digestion and metabolism more similar to humans. 
Though lipid and glucose metabolism appear to be differentially altered by perinatal 
choline deficiency in the pig, amino acid metabolism appears to be primarily influenced by 
prenatal choline status. We observed a general decrease in circulating amino acid concentrations 
in prenatally deficient piglets, which may indicate an up regulation of amino acid metabolism to 
increase clearance from the blood. Because both diets were balanced for AA content and pigs 
had equal growth over the course of the study, it should be noted that these changes are not due 
to dietary differences in protein quality or availability. Especially interesting are the changes in 
tryptophan and tyrosine concentrations, which are precursors for the neurotransmitters serotonin 
and dopamine, respectively. Overall, concentrations of these amino acids, along with 
phenylalanine, the precursor for de novo tyrosine synthesis, were decreased, which may 
subsequently influence cognitive function. As such, decreased attention span has been 
demonstrated in humans with acutely-depleted tyrosine and catecholamine concentrations 
without accompanying learning and memory deficits (Matrenza et al., 2004), but differences may 
exist where depletion is caused by an underlying nutrient deficiency.  
Our findings that perinatal choline status influence brain growth in the piglet provide a 
launching point for further studies, especially as this is one of few studies to report the influence 
of perinatal choline status on the entire brain. Currently, our laboratory uses methods to study in 
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vivo neurodevelopment and cognition in the piglet (Conrad et al., 2012a; Conrad et al., 2012b; 
Dilger and Johnson, 2010; Elmore et al., 2012). Use of the piglet model may allow these effects 
to be more accurately quantified through the use of highly-controlled dietary and 
neurodevelopmental studies. 
 
CONCLUSION 
In conclusion, the piglet appears to be an appropriate translational animal model to bridge 
the gap between rodent and human research on the impact of prenatal and postnatal choline 
status. Not only are piglets very similar to humans in terms of metabolism and 
neurodevelopment, but here we show that they are also very similar to both humans and rodents 
regarding the effects of perinatal choline deficiency, as characterized by changes in liver health 
markers and metabolomic profiles. Additionally, this study provides evidence that the piglet may 
be a sensitive model to examine the effect of perinatal choline status on neurodevelopment. 
Future studies are warranted to elucidate the effects of perinatal choline status on learning and 
memory in this animal model that is so comparable to human development.  
 
STRENGTHS AND LIMITATIONS 
 The present study evaluated the impacts of pre- and postnatal choline status on 
physiology and metabolism in the neonatal piglet. As such, an important strength of this study 
was the ability to evaluate the impact of intervention timing on piglet metabolism. Most studies 
evaluate only the effect of maternal choline intake on the offspring. Additionally, this study in 
keeping with the recent call by the NIH to include both male and female subjects. Although 
metabolomics analysis is a powerful research tool, it is by its nature difficult to interpret. 
40 
 
Because many metabolites were detected simultaneously, the possibility for false discovery does 
exist. 
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Table 2.1 Composition of gestation diet (choline-deficient)1 
Ingredient g/kg 
Ground corn 785.0 
Molassed dried sugar beet pulp 70.0 
Soy protein isolate2 60.0 
Cornstarch 42.7 
Dicalcium phosphate 20.0 
Corn oil 10.0 
Limestone 7.5 
Vitamin and mineral premix3 3.0 
DL-Met 1.5 
L-Trp 0.3 
1Choline sufficient diet was produced by replacing 1.8 g of cornstarch 
per kg of final diet with choline chloride (containing 60% choline). 
Choline deficient and sufficient gestation diets were analyzed to 
contain 625 and 1,306 mg of choline per kg diet, respectively. 
2Ardex F, Archer Daniels Midland, Decatur, IL. 
3Provided per kg of complete diet: Ca, 0.6 mg (CaCO3); P, 298.8 mg ; 
Mg, 1.8 mg; K, 2.4 mg; Na, 0.3 mg; S, 172.2 mg; Zn, 125.1 mg; Fe, 
129.1 mg (FeSO4); Mn, 60.3 mg (MnSO4); Cu, 10.2 mg (CuCl2, 
CuSO4); I, 1.3 mg; Se, 0.3 mg (Na2SeO3); Cl, 2.1 mg; Vit A, 11.1 
kIU; Vit D, 2.2 kIU; Vit E, 66.1 kIU; Vit K, 1.4 mg (menadione 
dimethylpyrimidinol bisulfite); thiamin, 0.2 mg (thiamine 
mononitrate); riboflavin, 6.6 mg; niacin, 44.1 mg; pantothenic acid, 
23.5 mg (D-calcium pantothenate); pyridoxine, 0.2 mg (pyridoxine-
HCl); biotin, 0.4 mg; folacin, 1.6 mg; Vit B12, 0.03 mg. 
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Table 2.2 Composition of milk replacer formulation (choline deficient)1 
Ingredient g/kg 
Lactose 425.6 
Dried fat 7/602 244.8 
Soy protein isolate3 202.5 
L-Lys HCl  30.0 
Dicalcium phosphate 20.0 
Calcium carbonate 19.8 
Potassium citrate, tribasic monohydrate 18.8 
Vitamin and mineral premix4 11.8 
Salt 11.3 
Potassium sorbate 10.0 
L-Cys 2.0 
DL-Met 1.5 
Powdered cellulose5 0.9 
Palatant6 0.8 
Calcium chloride 0.2 
1Choline sufficient milk replacer was produced by replacing 2.2 g lactose and 
0.22g calcium chloride with choline chloride (containing 70% choline). 
Choline deficient and sufficient milk replacer formulations were analyzed to 
contain 477 and 1,528 g of choline per kg diet, respectively. 
2Ho-Milc 7-60, Merrick’s, Inc., Middleton, WI. 
3Ardex F, Archer Daniels Midland, Decatur, IL. 
4Provided per kg of complete diet: Cu, 23.5 mg (CuSO4); Zn, 257.2 mg 
(ZnSO4); Se, 1.0 mg (Na2SeO3); Mg, 2.88 g (MgCO3); NaPO4, 5.2 g; 
menadione, 5.1 mg; Vit C, 51.0 mg; Vit A, 47.0 mg; Vit D, 918.6 mg; Vit E, 
673.6 mg; thiamin, 29.6 mg (10%); riboflavin, 102.1 mg; niacin, 62.3 mg 
(98%); biotin, 316.4 mg; Ca-pantothenate, 188.8 mg; pyridoxine, 306.2 mg; 
folate, 47.0 mg; Vit B12, 170.4 mg.   
5Solka Floc, International Fiber Corporation, North Tonawanda, NY. 
6Luctarom Milky Vanilla, Lucta USA, Inc., Northbrook, IL. 
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Table 2.3 Analyzed composition of sow gestation diets and piglet milk replacers1 
 Sow Gestation Diets Piglet Milk Replacers 
Item Deficient Sufficient Deficient Sufficient 
Dry matter, % 87.33 87.32 96.73 96.87 
 ------------------------- g/100 g of dry matter ------------------------- 
Organic matter 95.35 95.57 91.56 91.63 
Crude protein 13.51 13.64 24.40 23.96 
Crude fat 4.35 3.39 15.26 15.67 
Gross energy, kcal/g 4.43 4.37 4.68 4.84 
Choline, mg/kg 625 1,306 477 1,528 
Folic acid, mg/kg 1.43 1.45 1.21 1.01 
Amino acids     
Arg 0.78 0.76 1.31 1.40 
Cys  0.21 0.21 0.34 0.50 
Iso 0.54 0.53 0.94 1.01 
Leu 1.26 1.26 1.56 1.65 
Lys 0.63 0.62 4.31 4.16 
Met 0.39 0.36 0.29 0.26 
Phe 0.65 0.64 1.00 1.06 
Thr 0.44 0.44 0.69 0.74 
Trp  0.15 0.15 0.33 0.32 
Val 0.68 0.65 1.02 1.08 
1Experimental diets were formulated to meet or exceed requirements for sows and piglets (NRC, 
2012).  
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Table 2.4  Effects of perinatal choline status on clinical blood chemistry profiles of 4-wk-old piglets1 
  Treatment (Prenatal/Postnatal)  P-value2 
Variable CS/CS CS/CD CD/CS CD/CD SEM Pre Post Pre x Post 
Total protein, g/L 36 38 35 36 1.3 0.23 0.36 0.64 
Albumin, g/L 18 19 20 19 0.6 0.06 0.61 0.06 
Immunoglobulins, g/L 19 19 15 17 1.2 0.02 0.43 0.63 
Glucose, mmol/L 9.10 7.58 7.22 7.51 0.64 0.14 0.34 0.17 
ALP, U/L 366.4 485.9 392.8 489.0 42.6 0.73 0.02 0.79 
AST, U/L 53.9a 87.1b 88.6b 57.6ab 11.2 0.82 0.92 0.01 
GGT, U/L 28.0 31.9 29.1 39.1 2.81 0.15 0.02 0.28 
GLDH, U/L 0.59 0.64 0.54 0.41 0.15 0.36 0.80 0.56 
Cholesterol, mmol/L 2.11 1.80 2.27 1.98 0.11 0.16 0.01 0.94 
Total bilirubin, µmol/L 4 6 6 7 1 0.35 0.28 0.80 
Creatinine, µmol/L 48 48 48 47 2 0.82 0.82 0.82 
BUN, mmol/L 3.3 3.4 3.3 2.9 0.2 0.19 0.40 0.19 
Creatine kinase, U/L 1527 2799 2700 1482 480 0.88 0.96 0.02 
abMeans within a row and without a common superscript differ (P < 0.05). 
1Values are means of 8 replicate pigs exposed to prenatal and postnatal choline treatments (e.g., CS/CS 
as the control group) with blood collected from piglets at 27-30 d of age.  
2Pre, main effect of prenatal choline status; Post, main effect of postnatal choline status; Pre x Post, 
interactive effect of prenatal and postnatal choline statuses. 
Abbreviations: ALP, alkaline phosphatase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; 
CD, choline deficient; CS, choline sufficient; GLDH, glutamate dehydrogenase; GGT, gamma-glutamyl 
transferase. 
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Table 2.5 Effects of perinatal choline status on plasma metabolomic profiles of 4-wk-old piglets1 
  Treatment (Prenatal/Postnatal)  P-Value2 
Metabolite Pathway CS/CS CS/CD CD/CS CD/CD SEM Pre Post Pre x Post 
3-(4-hydroxyphenyl)lactate Amino Acid 1.00 0.89 0.55 0.64 0.09 <0.01 0.90 0.27 
3-hydroxy-2-ethylpropionate Amino Acid 1.00 0.98 0.94 0.87 0.10 0.42 0.69 0.80 
3-hydroxyisobutyrate Amino Acid 1.00 0.94 0.80 0.93 0.08 0.22 0.71 0.27 
3-indoxyl sulfate Amino Acid 1.00 1.07 0.94 1.02 0.19 0.70 0.57 0.97 
3-methoxytyrosine Amino Acid 1.00 1.16 1.15 0.99 0.09 0.93 0.99 0.10 
3-methyl-2-oxobutyrate Amino Acid 1.00 1.12 1.12 1.10 0.12 0.72 0.68 0.58 
3-methyl-2-oxovalerate Amino Acid 1.00 1.03 1.03 0.94 0.08 0.71 0.75 0.47 
4-hydroxyglutamate Amino Acid 1.00 0.95 1.01 1.05 0.11 0.63 0.94 0.69 
4-methyl-2-oxopentanoate Amino Acid 1.00 1.13 1.25 1.17 0.10 0.16 0.78 0.32 
5-oxoproline Amino Acid 1.00 1.03 1.16 1.06 0.05 0.06 0.48 0.24 
Alanine Amino Acid 1.00 0.88 1.19 1.02 0.09 0.09 0.14 0.76 
Alpha-hydroxyisovalerate Amino Acid 1.00 0.76 0.63 0.96 0.14 0.52 0.74 0.05 
Arginine Amino Acid 1.00 0.92 0.89 0.88 0.07 0.30 0.52 0.66 
Asparagine Amino Acid 1.00 0.93 0.88 0.68 0.08 0.03 0.11 0.47 
Aspartate Amino Acid 1.00 0.86 0.80 0.72 0.22 0.45 0.60 0.89 
Beta-alanine Amino Acid 1.00 0.81 1.24 0.78 0.14 0.45 0.03 0.33 
Beta-hydroxypyruvate Amino Acid 1.00 0.75 0.85 0.82 0.08 0.65 0.10 0.19 
Betaine Amino Acid 1.00 0.23 0.94 0.20 0.04 0.26 <0.01 0.65 
Carnosine Amino Acid 1.00a 1.17b 1.12ab 0.99a 0.06 0.62 0.71 0.01 
C-glycosyltryptophan Amino Acid 1.00 1.05 1.08 0.97 0.04 0.97 0.52 0.04 
Citrulline Amino Acid 1.00 1.01 0.71 0.82 0.08 <0.01 0.44 0.53 
Cysteine Amino Acid 1.00 1.03 0.88 1.04 0.09 0.54 0.31 0.50 
Gamma-glutamyl isoleucine Amino Acid 1.00 0.87 0.86 0.78 0.06 0.09 0.10 0.68 
Gamma-glutamyl leucine Amino Acid 1.00 0.95 0.83 0.81 0.12 0.21 0.76 0.90 
Gamma-glutamyl methionine Amino Acid 1.00 0.91 1.32 0.85 0.12 0.27 0.03 0.13 
Gamma-glutamyl phenylalanine Amino Acid 1.00 0.86 0.80 0.71 0.07 0.02 0.11 0.75 
Gamma-glutamyl tyrosine Amino Acid 1.00 0.99 0.70 0.79 0.07 <0.01 0.59 0.47 
Gamma-glutamyl valine Amino Acid 1.00 0.80 0.84 0.80 0.09 0.38 0.18 0.36 
Glutamate Amino Acid 1.00 0.67 0.64 0.80 0.14 0.40 0.53 0.08 
Glutamine Amino Acid 1.00 1.13 1.15 1.20 0.05 0.05 0.12 0.41 
Glycine Amino Acid 1.00 1.11 1.15 1.00 0.09 0.84 0.86 0.19 
Glycyclglycine Amino Acid 1.00 1.19 1.12 1.05 0.12 0.92 0.60 0.27 
Histidine Amino Acid 1.00 0.97 0.84 0.83 0.05 0.01 0.65 0.91 
Indolelactate Amino Acid 1.00 0.90 0.73 0.62 0.11 0.02 0.35 0.95 
51 
 
Table 2.5 (continued)          
Indolepropionate Amino Acid 1.00 0.74 0.70 0.44 0.20 0.14 0.19 1.00 
Isoleucine Amino Acid 1.00 0.93 0.89 0.91 0.04 0.09 0.53 0.30 
Isoleucylglycine Amino Acid 1.00 1.07 1.01 0.99 0.07 0.62 0.72 0.56 
Isovalerylglycine Amino Acid 1.00 1.32 0.76 1.21 0.17 0.31 0.03 0.72 
Kynurenine Amino Acid 1.00 1.06 0.95 1.21 0.11 0.65 0.16 0.38 
Leucine Amino Acid 1.00 0.90 0.92 0.92 0.08 0.72 0.59 0.56 
Levulinate (4-oxovalerate) Amino Acid 1.00 1.24 1.07 1.03 0.09 0.43 0.27 0.11 
Lysine Amino Acid 1.00 0.87 1.00 0.83 0.05 0.73 0.01 0.77 
Methionine Amino Acid 1.00 1.04 0.89 0.97 0.04 0.05 0.18 0.68 
N6-acetyllysine Amino Acid 1.00 0.96 0.91 0.87 0.04 0.03 0.28 0.95 
N-acetylalanine Amino Acid 1.00 1.01 0.84 0.86 0.05 <0.01 0.73 0.95 
N-acetylglycine Amino Acid 1.00 1.65 1.12 1.63 0.19 0.79 0.01 0.72 
N-acetylmethionine Amino Acid 1.00 0.94 0.74 0.86 0.08 0.03 0.69 0.27 
N-acetylornithine Amino Acid 1.00 1.10 1.02 1.07 0.07 0.97 0.34 0.71 
N-acetylserine Amino Acid 1.00 1.38 1.13 1.18 0.10 0.72 0.04 0.09 
N-acetylthreonine Amino Acid 1.00 1.04 0.86 0.91 0.06 0.03 0.46 0.96 
Ornithine Amino Acid 1.00 0.81 0.79 0.78 0.13 0.38 0.46 0.52 
p-cresol sulfate Amino Acid 1.00 1.15 1.30 1.25 0.14 0.14 0.73 0.47 
Phenol sulfate Amino Acid 1.00 1.23 1.51 1.01 0.22 0.52 0.56 0.12 
Phenylacetate Amino Acid 1.00 1.23 1.24 1.19 0.13 0.44 0.52 0.28 
Phenylacetylaspartate Amino Acid 1.00 1.10 1.24 1.10 0.07 0.11 0.78 0.10 
Phenylacetylglycine Amino Acid 1.00 1.20 1.01 1.23 0.11 0.83 0.07 0.91 
Phenylalanine Amino Acid 1.00 0.96 0.86 0.79 0.06 0.02 0.35 0.82 
Pipecolate Amino Acid 1.00 1.01 1.00 0.87 0.05 0.15 0.23 0.16 
Pro-hydroxy-pro Amino Acid 1.00 1.13 1.34 1.29 0.08 <0.01 0.61 0.26 
Proline Amino Acid 1.00 0.94 0.99 0.92 0.03 0.62 0.06 0.73 
Pyroglutamine Amino Acid 1.00 1.19 0.84 1.05 0.12 0.21 0.10 0.98 
Serine Amino Acid 1.00 0.79 1.00 0.79 0.07 0.99 <0.01 0.99 
S-methylcysteine Amino Acid 1.00 1.03 1.03 1.09 0.06 0.52 0.49 0.87 
Threonine Amino Acid 1.00 1.06 0.87 0.96 0.10 0.27 0.47 0.90 
Trans-4-hydroxyproline Amino Acid 1.00 1.36 1.27 1.36 0.08 0.09 0.01 0.10 
Tryptophan Amino Acid 1.00 1.01 0.88 0.93 0.04 0.01 0.46 0.70 
Tyrosine Amino Acid 1.00 1.08 0.70 0.85 0.07 <0.01 0.09 0.59 
Urea Amino Acid 1.00 1.10 1.13 0.89 0.18 0.82 0.70 0.35 
Valine Amino Acid 1.00 0.92 0.90 0.91 0.05 0.29 0.50 0.36 
Chenodeoxycholate Bile Salt 1.00 2.90 0.61 0.53 0.89 0.13 0.32 0.27 
Glycohyocholate Bile Salt 1.00 0.70 0.45 6.50 2.73 0.34 0.30 0.26 
Glycolate Bile Salt 1.00 0.99 0.99 0.99 0.04 0.84 0.97 0.86 
Hyocholate Bile Salt 1.00 2.36 0.71 1.44 0.69 0.39 0.14 0.65 
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Hyodeoxycholate Bile Salt 1.00 2.16 0.97 0.71 0.52 0.17 0.39 0.18 
Taurochenodeoxycholate Bile Salt 1.00 0.53 0.53 3.78 1.49 0.36 0.36 0.22 
1,5-anhydroglucitol Carbohydrate 1.00 1.13 1.16 1.24 0.07 0.06 0.13 0.69 
3-phosphoglycerate Carbohydrate 1.00a 1.29ab 1.41b 1.05a 0.11 0.44 0.75 0.01 
Alpha-ketoglutarate Carbohydrate 1.00 1.21 0.84 0.92 0.13 0.10 0.28 0.63 
Citrate Carbohydrate 1.00 0.94 0.82 0.83 0.08 0.09 0.79 0.64 
Erythritol Carbohydrate 1.00 0.97 0.88 0.99 0.11 0.63 0.72 0.55 
Erythronate Carbohydrate 1.00 1.02 0.95 0.97 0.04 0.27 0.69 0.97 
Fructose Carbohydrate 1.00 0.89 0.80 1.05 0.12 0.87 0.58 0.15 
Fumarate Carbohydrate 1.00 1.03 0.88 0.85 0.11 0.18 0.99 0.75 
Galacitol Carbohydrate 1.00 1.09 0.97 0.83 0.16 0.38 0.90 0.49 
Glucose Carbohydrate 1.00 0.85 0.89 0.86 0.05 0.35 0.10 0.29 
Lactate Carbohydrate 1.00 0.76 0.81 0.86 0.11 0.69 0.38 0.20 
Lactose Carbohydrate 1.00 0.98 0.97 0.72 0.28 0.60 0.63 0.69 
Malate Carbohydrate 1.00 0.58 0.46 0.48 0.19 0.10 0.32 0.25 
Mannitol Carbohydrate 1.00 0.95 1.08 0.83 0.11 0.85 0.20 0.38 
Mannose Carbohydrate 1.00 0.79 0.97 0.90 0.07 0.57 0.06 0.35 
Phosphoenolpyruvate Carbohydrate 1.00a 1.46ab 1.91b 1.07a 0.27 0.33 0.49 0.02 
Pyruvate Carbohydrate 1.00 1.08 1.29 1.11 0.14 0.26 0.70 0.36 
Sorbitol Carbohydrate 1.00 0.89 1.12 0.83 0.21 0.87 0.33 0.67 
Succinate Carbohydrate 1.00 0.32 0.26 0.24 0.35 0.25 0.33 0.36 
Creatine Creatine 1.00 1.44 0.94 1.01 0.12 0.05 0.04 0.14 
Creatinine Creatine 1.00 1.02 0.87 0.99 0.04 0.07 0.12 0.24 
Guanidinoacetate Creatine 1.00 0.94 1.09 0.93 0.11 0.71 0.35 0.69 
Biliverdin Hemoglobin 1.00 2.20 1.55 2.92 0.53 0.24 0.02 0.87 
Heme Hemoglobin 1.00 1.23 1.24 1.18 0.22 0.68 0.71 0.49 
Myo-inositol Inositol 1.00ab 1.08ab 1.11b 0.92a 0.06 0.70 0.37 0.04 
Pinitol Inositol 1.00 1.54 0.61 1.26 0.18 0.08 <0.01 0.77 
1,2-propanediol Ketone 1.00 2.61 1.84 2.09 0.47 0.74 0.06 0.16 
3-hydroxybutyrate Ketone 1.00 0.73 0.76 0.72 0.15 0.43 0.33 0.45 
10-heptadecenoate (17:1n7) Lipid 1.00 1.91 0.99 1.45 0.30 0.44 0.03 0.47 
10-nonadecenoate (19:1n9) Lipid 1.00 1.62 1.11 1.67 0.28 0.77 0.04 0.93 
1-arachidonoylglycerophosphocholine Lipid 1.00 0.91 0.64 0.87 0.10 0.05 0.48 0.08 
1-arachidonoylglycerophosphoethanolamine Lipid 1.00 1.82 0.85 1.62 0.13 0.20 <0.01 0.86 
1-arachidonoylglycerophosphoinositol Lipid 1.00a 1.50b 1.15ab 1.08a 0.13 0.31 0.11 0.04 
1-docosahexaenolylglycerophosphocholine Lipid 1.00 0.90 0.75 0.96 0.08 0.07 0.99 0.25 
1-docosapentaenoylglycerophosphocholine Lipid 1.00 0.71 0.61 0.52 0.10 0.01 0.06 0.32 
1-eicosadienoylglycerophosphocholine Lipid 1.00 0.64 0.65 0.52 0.11 0.03 0.03 0.30 
1-eicosatrienoylglycerophosphocholine Lipid 1.00 0.90 0.63 0.72 0.11 0.02 0.94 0.39 
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1-heptadecanoylglycerophosphocholine Lipid 1.00 0.64 0.44 0.41 0.15 0.01 0.20 0.28 
1-linoleoylglycerol Lipid 1.00b 0.72a 0.57a 0.60a 0.06 <0.01 0.05 0.02 
1-linoleoylglycerophosphocholine Lipid 1.00b 0.72a 0.57a 0.60a 0.06 <0.01 0.05 0.02 
1-linoleoylglycerophosphoethanolamine Lipid 1.00 1.32 0.66 0.92 0.11 <0.01 0.01 0.79 
1-methylimidazoleaceate Lipid 1.00 0.98 1.05 1.03 0.11 0.64 0.83 0.99 
1-myristoylglycerophosphocholine Lipid 1.00b 0.68a 0.55a 0.73a 0.09 0.03 0.46 0.01 
1-oleoylglycerophosphocholine Lipid 1.00 0.54 0.68 0.54 0.08 0.05 <0.01 0.05 
1-oleoylglycerophosphoethanolamine Lipid 1.00 1.32 0.70 0.88 0.12 0.01 0.05 0.58 
1-palmitoleoylglycerophosphocholine Lipid 1.00 0.64 0.59 0.56 0.07 <0.01 0.01 0.03 
1-palmitoylglycerophosphocholine Lipid 1.00 0.63 0.66 0.58 0.08 0.03 0.01 0.09 
1-palmitoylglycerophosphoethanolamine Lipid 1.00 1.01 0.73 0.87 0.09 0.03 0.41 0.47 
1-palmitoylplasmenylethanolamine Lipid 1.00 0.95 1.06 0.90 0.11 0.94 0.36 0.65 
1-stearoylglycerophosphocholine Lipid 1.00 0.81 0.34 0.66 0.14 0.01 0.63 0.08 
1-stearoylglycerophosphoethanolamine Lipid 1.00 1.06 0.91 1.11 0.08 0.79 0.12 0.42 
1-stearoylglycerophosphoinositol Lipid 1.00 1.49 0.96 1.37 0.13 0.54 <0.01 0.75 
2,3-diphosphoglycerate Lipid 1.00ab 1.19ab 1.88b 0.78a 0.30 0.45 0.15 0.04 
2-aminoadipate Lipid 1.00 0.61 0.56 0.61 0.12 0.07 0.14 0.07 
2-aminobutyrate Lipid 1.00 1.13 1.06 1.14 0.08 0.66 0.19 0.73 
2-arachidonoylglycerophosphoethanolamine Lipid 1.00 1.75 0.92 1.46 0.11 0.10 <0.01 0.36 
2-ethylhexanoate Lipid 1.00 0.83 0.91 0.70 0.08 0.18 0.02 0.78 
2-hydroxybutyrate Lipid 1.00 0.97 0.81 0.95 0.16 0.53 0.75 0.62 
2-hydroxyglutarate Lipid 1.00 0.87 0.60 0.72 0.11 0.02 0.97 0.25 
2-hydroxyisobutyrate Lipid 1.00 0.86 0.95 0.86 0.06 0.67 0.07 0.71 
2-hydroxypalmitate Lipid 1.00 1.50 1.28 1.34 0.16 0.70 0.08 0.17 
2-linoleoylglycerophosphocholine Lipid 1.00 0.66 0.57 0.50 0.08 <0.01 0.01 0.09 
2-linoleoylglycerophosphoethanolamine Lipid 1.00 1.29 0.69 0.90 0.11 <0.01 0.03 0.69 
2-oleoylglycerophosphoethanolamine Lipid 1.00 1.21 0.65 0.78 0.12 <0.01 0.16 0.77 
2-palmitoylglycerophosphocholine Lipid 1.00b 0.59a 0.57a 0.55a 0.08 <0.01 0.01 0.01 
2-stearoylglycerophosphocholine Lipid 1.00 0.65 0.55 0.55 0.15 0.07 0.25 0.25 
3-dehydrocarnitine Lipid 1.00ab 1.49c 0.98a 1.18b 0.06 0.02 <0.01 0.04 
3-hydroxybutyrate Lipid 1.00 0.94 0.80 0.93 0.08 0.22 0.71 0.27 
3-hydroxypropanoate Lipid 1.00 0.70 0.87 1.48 0.35 0.36 0.65 0.20 
3-phosphoglycerate Lipid 1.00a 1.29ab 1.41b 1.05a 0.11 0.44 0.75 0.01 
7-alpha-hydroxy-3-oxo-4-cholestenoate  Lipid 1.00 1.92 1.26 2.52 0.81 0.60 0.19 0.84 
7-beta-hydroxycholesterol Lipid 1.00 0.70 1.14 0.87 0.12 0.24 0.03 0.92 
Acetylcarnitine Lipid 1.00a 1.85c 0.88a 1.36b 0.08 <0.01 <0.01 0.03 
Adrenic Acid (22:4n6) Lipid 1.00 1.22 1.25 1.14 0.12 0.48 0.65 0.17 
Alpha-linoelnic Acid (18:3n3) Lipid 1.00 2.27 0.88 1.20 0.36 0.11 0.04 0.20 
Arachidonic Acid (20:4n6) Lipid 1.00 1.50 1.07 1.22 0.13 0.42 0.02 0.20 
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Caprylate (10:0) Lipid 1.00 1.13 1.05 0.96 0.10 0.59 0.86 0.29 
Carnitine Lipid 1.00 3.05 1.16 2.69 0.14 0.46 <0.01 0.06 
Cholesterol Lipid 1.00 0.93 1.00 0.94 0.05 0.85 0.21 0.91 
Choline Lipid 1.00 0.54 0.94 0.45 0.05 0.13 <0.01 0.72 
Cis-vaccenate (18:1n7) Lipid 1.00 1.13 0.96 1.16 0.12 0.94 0.18 0.78 
Deoxycarnitine Lipid 1.00a 1.25b 1.21b 0.98a 0.05 0.61 0.85 <0.01 
Dimethylglycine Lipid 1.00 0.10 0.87 0.17 0.06 0.63 <0.01 0.11 
Docosadienoic Acid (22:2n6) Lipid 1.00 1.63 1.34 1.73 0.19 0.25 0.01 0.54 
Docosahexaenoic Acid (22:6n3) Lipid 1.00 1.71 1.05 1.25 0.16 0.21 0.01 0.13 
Docosapentanoic Acid (22:5n6) Lipid 1.00 1.37 1.31 1.38 0.20 0.44 0.30 0.47 
Dodecanedioate Lipid 1.00 1.23 1.01 1.20 0.10 0.92 0.05 0.85 
Eicosadienoic Acid (20:2n6) Lipid 1.00 1.83 1.30 1.93 0.35 0.58 0.05 0.78 
Eicosanoate (20:1n9/n11) Lipid 1.00 2.24 1.31 2.42 0.49 0.62 0.02 0.89 
Eicosapentaenoic Acid (22:5n3) Lipid 1.00 1.35 1.22 1.22 0.16 0.78 0.27 0.27 
Eicosatrienoic acid (20:3n3/n6) Lipid 1.00 1.65 1.35 1.77 0.24 0.33 0.03 0.64 
Glycerate Lipid 1.00 1.05 1.06 0.94 0.08 0.80 0.67 0.33 
Glycerol Lipid 1.00 0.87 0.83 0.87 0.10 0.40 0.66 0.35 
Glycerol-3-phosphate Lipid 1.00 0.16 0.89 0.33 0.33 0.92 0.04 0.67 
Glycerophosphocholine Lipid 1.00 0.74 0.73 0.58 0.18 0.25 0.27 0.75 
Heptanoate (7:0) Lipid 1.00 1.10 1.15 1.08 0.09 0.46 0.83 0.37 
Lathosterol Lipid 1.00 0.85 0.74 0.93 0.12 0.49 0.88 0.18 
Laurate (12:0) Lipid 1.00 1.03 0.93 0.83 0.09 0.17 0.70 0.51 
Linoleic Acid (18:2n6) Lipid 1.00 1.99 0.89 1.23 0.32 0.19 0.05 0.32 
Margarate (17:0) Lipid 1.00 1.25 0.99 1.14 0.11 0.58 0.07 0.63 
Methyl-stearate Lipid 1.00 0.55 1.05 0.63 0.20 0.73 0.03 0.94 
Myristate (14:0) Lipid 1.00 1.44 0.91 0.99 0.15 0.08 0.08 0.24 
Myristoleate (14:1n5) Lipid 1.00 0.97 0.91 0.80 0.09 0.14 0.43 0.64 
Nonadecanoate (19:0) Lipid 1.00 1.34 1.18 1.23 0.12 0.79 0.13 0.25 
Oleate (18:1n9) Lipid 1.00 1.39 0.94 1.34 0.19 0.77 0.05 0.98 
Palmitate (16:0) Lipid 1.00 1.35 1.01 1.27 0.14 0.82 0.04 0.75 
Palmitoleate (16:1n7) Lipid 1.00 2.38 0.94 1.28 0.34 0.10 0.02 0.14 
Palmitoyl sphingomyelin Lipid 1.00 0.85 1.11 1.08 0.09 0.07 0.34 0.51 
Pelargonate (9:0) Lipid 1.00 1.08 1.07 0.98 0.09 0.88 0.94 0.35 
Propionylcarnitine Lipid 1.00 1.56 0.67 1.38 0.14 0.08 <0.01 0.61 
Sarcosine Lipid 1.00 0.66 1.02 0.58 0.11 0.76 <0.01 0.65 
Stearate (18:0) Lipid 1.00 1.35 1.04 1.34 0.12 0.90 0.01 0.83 
Stearoyl sphingomyelin Lipid 1.00 0.94 1.09 1.17 0.12 0.19 0.96 0.56 
Succinylcarnitine Lipid 1.00a 1.44b 1.24ab 1.23ab 0.09 0.87 0.02 0.02 
Undecanoate (11:0) Lipid 1.00 1.05 1.16 1.16 0.08 0.10 0.75 0.75 
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2’-deoxycytidine Nucleotide 1.00 1.08 1.06 0.95 0.06 0.53 0.84 0.12 
2’-deoxyuridine Nucleotide 1.00 0.88 1.20 0.92 0.13 0.37 0.14 0.55 
5,6-dihydrouracil Nucleotide 1.00 1.02 1.34 1.05 0.11 0.10 0.24 0.17 
Adenine Nucleotide 1.00 0.83 0.94 0.75 0.11 0.51 0.10 0.91 
Adenosine 5’-monophosphate Nucleotide 1.00a 2.42ab 2.78b 0.75a 0.57 0.92 0.60 0.01 
Allantoin Nucleotide 1.00 0.99 1.06 1.05 0.08 0.45 0.92 1.00 
Cytidine Nucleotide 1.00 0.73 0.85 0.79 0.10 0.64 0.12 0.31 
Dihydroorotate Nucleotide 1.00 0.82 0.92 0.54 0.09 0.04 <0.01 0.26 
Flavin-adenine dinucleotide (FAD) Nucleotide 1.00 0.98 1.21 0.94 0.07 0.25 0.05 0.09 
Guanine Nucleotide 1.00 0.63 0.72 0.69 0.11 0.34 0.09 0.15 
Guanosine Nucleotide 1.00 0.67 0.66 0.54 0.22 0.29 0.32 0.64 
Hypoxanthine Nucleotide 1.00 0.83 0.81 0.75 0.07 0.07 0.13 0.47 
Inosine Nucleotide 1.00 1.18 1.03 0.79 0.17 0.29 0.88 0.23 
Methylguanine7 Nucleotide 1.00 0.98 0.89 0.90 0.10 0.31 0.97 0.90 
N1-methyladenosine Nucleotide 1.00 1.10 0.93 1.06 0.05 0.32 0.05 0.82 
N1-methylguanosine Nucleotide 1.00 1.03 1.16 1.07 0.09 0.29 0.75 0.52 
N2-methylguanosine Nucleotide 1.00 1.07 0.99 0.90 0.05 0.07 0.91 0.12 
N4-acetylcytidine Nucleotide 1.00 1.29 0.98 1.06 0.10 0.23 0.08 0.30 
N6-carbamoylthreonyladenosine Nucleotide 1.00 0.98 0.93 1.02 0.05 0.78 0.51 0.30 
Pseudouridine Nucleotide 1.00 1.07 1.08 1.02 0.03 0.66 0.79 0.05 
Ribitol Nucleotide 1.00 0.63 0.56 0.58 0.13 0.08 0.20 0.15 
Ribose Nucleotide 1.00 0.98 1.11 0.88 0.14 0.98 0.39 0.46 
Ribulose Nucleotide 1.00 0.78 0.71 0.63 0.11 0.05 0.19 0.54 
Threitol Nucleotide 1.00 1.07 1.08 1.03 0.05 0.70 0.86 0.18 
Thymidine Nucleotide 1.00 0.97 1.10 0.99 0.10 0.55 0.48 0.65 
Urate Nucleotide 1.00 0.56 0.51 0.73 0.19 0.40 0.56 0.09 
Uridine Nucleotide 1.00 0.85 0.92 0.88 0.07 0.74 0.20 0.44 
Xanthine Nucleotide 1.00 0.59 0.53 0.64 0.22 0.36 0.50 0.25 
Xylitol Nucleotide 1.00 0.88 1.00 0.83 0.08 0.72 0.08 0.75 
Xylonate Nucleotide 1.00 0.90 0.92 0.86 0.07 0.41 0.22 0.75 
Xylose Nucleotide 1.00 0.85 1.04 0.81 0.07 0.93 0.01 0.56 
4-hydroxyhippurate Other 1.00c 0.81b 0.66a 0.67a 0.04 <0.01 0.04 0.03 
Benzoate Other 1.00 1.15 1.01 1.11 0.07 0.87 0.10 0.77 
Benzyl alcohol Other 1.00 7.50 3.29 6.11 2.06 0.83 0.03 0.38 
Catechol sulfate Other 1.00 1.01 0.68 0.99 0.13 0.18 0.21 0.25 
Cinnamoylglycine Other 1.00 1.09 0.88 1.77 0.32 0.38 0.13 0.22 
EDTA Other 1.00 1.11 1.01 1.37 0.15 0.36 0.13 0.39 
Gulono-1,4-lactone Other 1.00 1.03 1.01 1.18 0.13 0.56 0.47 0.61 
Hippurate Other 1.00b 0.57ab 0.35a 0.81ab 0.21 0.35 0.96 0.04 
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Homostachydrine Other 1.00 0.61 1.07 0.58 0.04 0.74 <0.01 0.26 
Iminodiacetate Other 1.00 1.23 1.13 1.45 0.13 0.18 0.04 0.72 
Inosine-5’-diphosphate Other 1.00 1.05 0.92 0.92 0.09 0.24 0.74 0.80 
Ketamine Other 1.00 1.68 1.67 1.33 0.28 0.57 0.56 0.08 
Oxalate (ethanedioate) Other 1.00 1.00 0.82 0.87 0.12 0.21 0.81 0.83 
Phosphate Other 1.00 1.00 1.07 1.02 0.03 0.13 0.34 0.33 
Pyrophosphate Other 1.00 1.22 1.20 1.24 0.13 0.41 0.33 0.50 
Threonate Other 1.00 0.98 1.04 1.09 0.11 0.46 0.89 0.73 
Alpha-tocopherol Vitamin 1.00 0.55 0.76 0.74 0.12 0.85 0.06 0.08 
Nicotinamide Vitamin 1.00 1.11 0.95 1.07 0.10 0.69 0.26 0.93 
Pantothenate Vitamin 1.00ab 1.05b 1.06b 0.86a 0.05 0.21 0.18 0.03 
Quinolinate Vitamin 1.00 1.12 1.07 1.34 0.17 0.79 0.59 0.87 
abcMeans within a row and without a common superscript differ (P < 0.05). 
1Values are means of 8 replicate pigs exposed to prenatal and postnatal choline treatments (e.g., CS/CS as the control group) with blood collected 
from piglets at 27-30 d of age. Data presented as fold-change relative to CS/CS treatment group. CD, choline deficient; CS, choline sufficient. 
2Pre, main effect of prenatal choline status; Post, main effect of postnatal choline status; Pre x Post, interactive effect of prenatal and postnatal 
choline statuses. 
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 Table 2.6. Effects of perinatal choline status on clinical hematology profiles of 4-wk-old piglets1 
  Treatment (Prenatal/Postnatal)  P-value2 
Variable CS/CS CS/CD CD/CS CD/CD SEM Pre Post Pre x Post 
n 8 8 5 6     
RBC, 1012/L 5.2 5.4 5.4 5.4 0.2 0.56 0.29 0.60 
Hb, mmol/L 5.54 5.79 5.70 5.78 0.17 0.61 0.25 0.55 
Hematocrit, % 29 30 29 29 0.9 0.93 0.32 0.82 
MCV, fL 55 54 54 54 0.9 0.33 0.85 0.53 
MCH, pg 17 17 17 17 0.3 0.85 0.78 0.97 
MCHC, mmol/L 312 316 318 317 20 0.05 0.40 0.09 
WBC, 109/L 4.6 3.9 4.6 4.1 0.5 0.86 0.19 0.79 
   Neutrophils, %WBC 36.1 28.5 35.8 34.9 3.8 0.37 0.20 0.31 
   Lymphocytes, %WBC 59.8 69.5 62.0 62.6 4.2 0.52 0.16 0.22 
   Monocytes, %WBC 3.4 1.5 2.2 2.6 1.2 0.95 0.48 0.30 
Platelets, 109/L 276 255 325 324 43 0.14 0.78 0.79 
1Values are means of pigs exposed to prenatal and postnatal choline treatments (e.g., CS/CS as the control 
group) with blood collected from piglets at 27-30 d of age. Differences in treatment replications were due to 
clotting of blood samples.  
2Pre, main effect of prenatal choline status; Post, main effect of postnatal choline status; Pre x Post, interactive 
effect of prenatal and postnatal choline statuses. 
Abbreviations: CD, choline deficient; CS, choline sufficient; Hb, hemoglobin; MCH, mean corpuscular 
hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV; mean corpuscular volume; WBC, 
white blood cells. 
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Figure 2.1. Effects of perinatal choline status on final body weights and brain size of 
piglets. Values are means of 8 replicate pigs exposed to prenatal and postnatal choline treatments 
(e.g., CS/CS as the control group). A) Piglet body weights at 27 d of age did not differ between 
treatments. B) Regardless of postnatal choline status, pigs exposed to prenatal CD environment 
had smaller (P = 0.01) brains than those piglets exposed to a prenatal CS environment. 
Abbreviations: CD, choline deficient; CS, choline sufficient 
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Figure 2.2. Effects of perinatal choline status on relative concentrations of metabolites 
related to methyl metabolism in 4-wk-old piglets. Values are means of 8 replicate pigs 
exposed to prenatal and postnatal choline treatments (e.g., CS/CS as the control group) with 
blood samples collected at 27-30 d of age. Regardless of prenatal choline status, pigs fed a CD 
milk replacer exhibited lower (P < 0.01) plasma concentrations of: A) total choline + choline-
containing phospholipids, B) choline, and C) betaine, compared with pigs fed CS milk replacer. 
D) Plasma methionine in piglets exposed to prenatal CD environment was lower (P = 0.05) 
compared with piglets exposed to a prenatal CS environment, regardless of postnatal choline 
status. Abbreviations: CD, choline deficient; CS, choline sufficient
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Figure 2.3. Effects of perinatal choline status on liver weight and lipid composition in 4-wk-
old piglets. Values are means of 8 replicate pigs exposed to prenatal and postnatal choline 
treatments (e.g., CS/CS as the control group) with tissue samples collected at 27-30 d of age. A) 
Relative liver weight was not different between perinatal choline treatments, B) Piglets fed CD 
milk replacer exhibited higher (P < 0.01) hepatic lipid concentration compared with piglets fed 
CS milk replacer, regardless of prenatal choline status. Abbreviations: AHF, acid hydrolyzed fat; 
CD, choline deficient; CS, choline sufficient 
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CHAPTER THREE 
 
PERINATAL CHOLINE DEFICIENCY DELAYS BRAIN  
DEVELOPMENT AND ALTERS HIPPOCAMPAL METABOLITE 
CONCENTRATIONS IN THE YOUNG PIG2 
 
                                                            
2Published in part: AM Mudd, CM Getty, BP Sutton, RN Dilger. Perinatal choline deficiency delays brain 
development and alters metabolite concentrations in the young pig. Nutr Neurosci. 2015; Epub, ahead of print. 
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ABSTRACT 
Choline is necessary for proper brain formation and development. As such, adequate 
consumption of choline by the gestating mother and then by the neonatal mammal, is critical for 
neurodevelopment. Therefore, the objective of this study was to examine the impact of perinatal 
choline status on neurodevelopment because the late prenatal and early postnatal periods are 
when robust neurogenesis and neuronal maturation occur. To evaluate the impact of prenatal 
choline status, pregnant sows were fed a choline deficient (CD) or choline sufficient (CS) diet 
during the last half of gestation. Approximately 48 h after farrowing, piglets from sows within 
each prenatal treatment group were further stratified into postnatal treatment groups (to evaluate 
postnatal choline status) and provided either a CD or CS milk replacer. This resulted in a total of 
4 treatment groups in a 2 x 2 factorial arrangement: CS/CS, CS/CD, CD/CS, and CD/CD. Piglets 
underwent magnetic resonance imaging procedures to analyze structural and metabolite 
differences at 30 d of age. Magnetic resonance imaging procedures included macrostructural 
analysis, voxel-based morphometric analysis, diffusion tensor imaging, and magnetic resonance 
spectroscopy. Overall, volumetric analysis indicated smaller (P = 0.006) total brain volumes in 
prenatally CD piglets compared to prenatally CS piglets. Differences (P < 0.05) in the corpus 
callosum, pons, midbrain, thalamus, and right hippocampus (sub-cortical regions) were observed 
as larger region-specific volumes proportional to total brain size in prenatally CD piglets as 
compared with prenatally CS piglets. Voxel-based morphometric analysis revealed that perinatal 
choline deficiency affected grey matter volumes largely in cortical regions, and white matter 
volumes in mostly sub-cortical regions and the cerebellum. Single-voxel spectroscopy 
(metabolite) analysis of the hippocampus revealed postnatally CD piglets had lower (P < 0.001) 
concentrations of glycerophosphocholine + phosphocholine than postnatally CS piglets. 
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Diffusion tensor imaging, a measure of white matter maturation, revealed interactions (P < 0.05) 
between prenatal and postnatal choline status in fractional anisotropy values of the thalamus and 
right hippocampus. Additionally, prenatally CD piglets had higher (P = 0.045) cerebellar radial 
diffusivity values compared with prenatally CS piglets. Taken together, these data demonstrate 
that prenatal choline deficiency delays neurodevelopment which may translate to impaired 
function later in life. 
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INTRODUCTION 
 Choline is an essential nutrient for proper neurodevelopment. Because robust growth and 
expansion of the brain occur during fetal development; sufficient dietary choline consumption by 
the mother is extremely important in both humans and pigs. Choline is a primary component of 
cellular membranes, neurotransmitters, and the myelin sheath (Zeisel et al., 1991). Although 
choline is easily obtained in the diet, studies suggest that more than 90% of adults consume at or 
below the adequate intake (AI) level as prescribed by the Institute of Medicine (Fulgoni and 
Buckley, 2015; Institute of Medicine, 1998). Indeed, in a study evaluating maternal intake during 
pregnancy, only 15% of nearly 900 pregnant women consumed adequate choline during the first 
and second trimesters (Boeke et al., 2013; Villamor et al., 2012). Evidence suggests that 
pregnant women in the United States consume less than 400 mg choline/d even though the 
recommended intake is 450 mg choline/d (Boeke et al., 2013; Cheatham et al., 2012; Institute of 
Medicine, 1998). To compound the issue of inadequate intake, recent research suggests that the 
current AI may not be sufficient for optimum intake during pregnancy (Yan et al., 2013; Yan et 
al., 2012). This is demonstrated by increased consumption of choline by the placenta and fetus, 
which may result in pregnant women not consuming adequate choline during pregnancy. 
Early research in chickens provides evidence of the importance of choline during in 
early-life neurodevelopment; chicks provided a choline deficient (CD) diet had smaller brains at 
8 d of age than their choline sufficient (CS) counterparts (Jose et al., 1970). Chicks exposed to 
CD also exhibited decreased myelination as evidenced by decreased cholesterol proteolipid 
content within the brain. In addition to the overall decrease in brain growth observed in chickens, 
rodent research has shown that rats born to CD dams exhibit altered hippocampal structure and 
function during the juvenile and adult life stages (Albright et al., 1999a; Albright et al., 1999b; 
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Jones et al., 1999; Meck et al., 1988; Meck and Williams, 1999, 1997; Montoya et al., 2000; 
Pyapali et al., 1998). Moreover, in rats, choline deficiency during the prenatal period reduces 
neural progenitor cell mitosis and increases apoptosis in hippocampi (Craciunescu et al., 2003; 
Holmes-McNary et al., 1997). In addition to altering hippocampal structure, prenatal choline 
availability also affects functional properties of the brain; which may be observed by improved 
performance on learning and memory tasks in choline-supplemented rats when compared to 
control rats (Pyapali et al., 1998). As such, appropriate choline availability during the prenatal 
period seems to influence brain structure and cognitive function.  
 Unfortunately, though overwhelming evidence suggests that maternal choline intake has 
long-term effects on cognition, most of this research has been conducted in rodent models. Of 
these rodent studies, most have focused on hippocampal structure and function, and have 
neglected other brain regions. Although the rodent model is most commonly utilized, anatomical 
and physiological differences make translation to the human difficult. As such, the piglet is an 
exciting model to study the impacts of maternal and early postnatal choline availability on 
structural and metabolic brain development. Humans and piglet share striking similarities in 
anatomy, physiology, nutrient requirements, and neurodevelopment (Dobbing and Sands, 1979; 
Miller and Ullrey, 1987; Moughan et al., 1992). In fact, the dietary choline requirement is very 
similar for human infants (Institute of Medicine, 1998) and piglets (NRC, 2012), which suggests 
that the piglet may be an appropriate model to study neurodevelopment in the human. Humans 
and pigs are predominately perinatal (pre- and postnatal) developers, unlike rodents, which are 
primarily postnatal developers (Dobbing and Sands, 1979). Additionally, pigs and humans have 
gyrencephalic (ridges and grooves vs. smooth [rodents]) brains and follow proportional growth 
trajectories (Conrad et al., 2012; Dobbing and Sands, 1979).  
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 Because the pig is such an ideal animal model to study neurodevelopment, our objective 
was to characterize how moderate prenatal and postnatal choline deficiency influenced 
neurodevelopment in terms of region of interest volumes and hippocampal metabolism. Based on 
previous research involving perinatal choline deficiency, we hypothesized that piglets exposed to 
prenatal choline deficiency would result in smaller brains and altered hippocampal metabolism 
as compared with piglets exposed to sufficient prenatal choline supply. 
 
MATERIALS AND METHODS 
Ethics Statement 
All animal care and experimental procedures were in accordance with the Guide for the 
Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use 
Committee of the University of Illinois (Protocols 10125 and 13313). 
Animals and Housing 
Twelve multiparous Yorkshire sows (University of Illinois Urbana-Champaign) were 
housed in standard gestation and farrowing crates for the duration of this experiment. Beginning 
on d 50 of the 114 d gestation period, sows were assigned to one of two experimental diets, 
either CS or CD. This experiment was performed using sows from three different farrowing 
groups. Sows were fed once each day (0700) to maintain body condition and allowed ad libitum 
access to water. Experimental gestation diets were provided until 48 h after farrowing, at which 
point piglets destined for experimental diets were removed, and sows placed on conventional 
lactation diets. 
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A total of 34 piglets (CS/CS, n=8; CS/CD n=9; CD/CS, n=9; CD/CD, n=8) were assigned 
to one of two (CS or CD) custom milk replacer formulations. Between the prenatal (i.e., sow 
gestation diets) and postnatal (i.e., piglet milk replacers) treatments, this study was set as a 2 x 2 
factorial arrangement and employed a total of 4 treatment groups: CS/CS, prenatal and postnatal 
choline sufficient; CS/CD, prenatal choline sufficient and postnatal choline deficient; CD/CS, 
prenatal choline deficient and postnatal choline sufficient; and CD/CD, prenatal and postnatal 
choline deficient. Piglets were moved to the artificial rearing system at 48 h of age, to allow 
consumption of colostrum for transmission of passive immunity, and immediately provided 
experimental diets. The artificial rearing system has been described previously (Getty and Dilger, 
2015). Briefly, piglets were fed by hand every 3-4 h as described below, water was provided ad 
libitum, and cage temperature was maintained above 27° C using heat lamps. 
 
Dietary Treatments 
Corn- and soy protein isolate-based (Ardex F, Archer Daniels Midland, Decatur, IL) sow 
diets were formulated to meet requirements for all nutrients, except choline (NRC, 2012). Sows 
were provided gestation diets starting on d 50 of gestation and continuing through 48 h after 
farrowing, with sows receiving either a choline sufficient (analyzed as 1,224 mg of choline/kg of 
dry matter) or a choline deficient (analyzed as 487 mg of choline/kg of dry matter) diet.  
Powdered soy-based milk replacer diets (Test Diet, St. Louis, MO) were formulated to 
meet requirements of all nutrients for neonatal piglets, except choline (NRC, 2012). The primary 
protein source was a human food-grade, dispersible soy protein isolate (Ardex F, Archer Daniels 
Midland, Decatur, IL). Upon arrival to the animal care facility at 2 d of age, piglets received 
either a choline sufficient (analyzed as 1,605 mg of choline/kg of dry matter) or a choline 
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deficient (analyzed as 477 mg of choline/kg of dry matter) milk replacer for the duration of the 
feeding study. Milk replacer was reconstituted fresh at least four times daily to a final 
concentration of 200 g of milk replacer powder/L using tap water. The liquid milk replacer was 
then supplied at 285 mL/kg of body weight for study d 0-6, 300 mL/kg body weight for study d 
7-10, 325 mL/kg body weight for study d 11-12, and 350 mL/kg body weight for study d 13-25. 
Feeding rates and intervals (every 3-4 h, beginning at 800 and ending at 2300) were increased 
based on growth performance of the piglets being fed the CS milk replacer. 
 
Neuroimaging Procedures 
 At 29-30 d of age, piglets were subjected to magnetic resonance imaging (MRI) scanning 
procedures. Prior to scanning, piglets were anesthetized using Telazol (0.07 mg/kg body weight; 
Zoetis, Florham Park, NJ) and then immediately transferred to the MRI machine and maintained 
under anesthesia using 2% isoflurane/98% oxygen for the duration of the ~60 min scan. Piglet 
heart rate and hemoglobin saturation levels were monitored throughout the scanning session 
using a MRI-compatible pulse-oximeter. Observational records were taken every 5 min after the 
piglet had been anesthetized, and throughout the scanning period. Records were recorded every 
15 min during recovery from anesthesia. Magnetic resonance imaging procedures, along with 
post-imaging analyses of brain region volume, diffusion tensor imaging, and single-voxel 
spectroscopy have been previously described (Mudd et al., 2015; Radlowski et al., 2014). Piglets 
were scanned using a Siemens MAGNETOM Trio 3T Imager with a Siemens 12-channel head 
coil (Munich, Germany) at the Beckman Institute for Advanced Science and Technology 
Biomedical Imaging Center (Urbana, IL). Magnetic resonance imaging data from two piglets 
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within the CD/CD treatment group were not used due to excessive movement (i.e., heavy 
breathing) during image acquisition. 
 
Manual Brain Extractions 
 Structural images were acquired using three repetitions of a 3D T1-weighted 
magnetization-prepared rigid gradient echo (MPRAGE) sequence, with a voxel size of 0.7 mm 
isotropic. These three MPRAGE images were averaged for each piglet using SPM8 (Wellcome 
Department of Clinical Neurology, London, UK). Piglet brains were extracted manually using a 
Wacom Cintiq 24HD and Wacom Grip Pen (Wacom, Vancouver, WA). A custom piglet brain 
atlas, which was previously validated (Conrad et al., 2014), was used for a priori tissue 
probability mapping as well as assessment of 19 different brain regions (listed in Tables 3.1 and 
3.2). 
 
Volumetrics and Voxel-based Morphometry 
 Volumetric analysis was performed using the ‘Segment’ and Diffeomorphic Anatomical 
Registration using Exponential Lie Algebra (DARTEL) toolboxes from SPM for nonlinear 
warping along with math tools from the FSL package (Analysis Group, FMRIB, Oxford, UK). 
The SPM ‘Segment’ tool, along with piglet specific tissue prior probabilities, was used to obtain 
the grey matter, white matter, and CSF tissue segmentations for each piglet, and DARTEL was 
used to further align the native space segmentations. The fslstats toolbox was used to determine 
the voxel volume of the subject-space segmentation for each of the three tissue types. Using 
fslmaths, the mean overall partial volume map was obtained for each of the subject-space 
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segmentations. Overall absolute volume for grey matter, white matter, and CSF were determined 
by multiplying the voxel volume measure by the mean intensity of the partial volume 
segmentation. Anatomical regions of interest (ROI) files were generated for each piglet as 
previously described (Radlowski et al., 2014). Individual ROIs are listed in Table 3.2. For the 
volumetric measures associated with each individual ROI, a threshold of 0.5 was applied to the 
DARTEL-produced warped mask and volume was then assessed using fslstats. Voxel-based 
morphometric analysis procedures have been previously described elsewhere (Radlowski et al., 
2014). 
 
Diffusion Tensor Imaging 
 Diffusion tensor imaging (DTI) measures were obtained using diffusion-weighted echo-
planar imaging with a b-value of 1000 sec/mm2 and 30 directions, as previously described 
(Mudd et al., 2015). Assessment of cortical white matter, caudate, corpus callosum, cerebellum, 
internal capsule, thalamus, and both hippocampi was performed using the FSL software package. 
The diffusion toolbox in FSL was used to generate values of axial diffusivity (AD), radial 
diffusivity (RD, mean diffusivity (MD), and fractional anisotropy (FA). 
 Masks for each ROI were nonlinearly transformed into the MPRAGE space of each 
individual piglet and a linear transform was then applied to transfer each ROI into DTI space. A 
threshold of 0.5 was applied to the whole-brain white matter ROI and the data was dilated twice. 
For each individual ROI, an FA threshold of 0.15 was applied to ensure appropriate estimation of 
white matter properties despite the mask expansion, consistent with methods previously 
described (Radlowski et al., 2014).  
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Single Voxel Spectroscopy 
 Magnetic resonance single-voxel spectroscopy (SVS), spanning the posterior hippocampi 
and intervening tissue, was used to analyze hippocampal metabolite concentrations. A voxel size 
of 12 x 25 x 12 mm was used. Parameters and analysis procedures have been described 
elsewhere (Radlowski et al., 2014). Metabolite concentrations were analyzed using the software 
LCModel 6.3 (Provencher, 1993). 
 
Real-time PCR 
Total RNA from 50 – 100 mg of tissue from the right hippocampus and striatum was 
isolated using the Tri Reagent Protocol (Sigma, St. Louis, MO). A reverse transcription kit 
(High-capacity cDNA Reverse Transcription Kit, Applied Biosystems, Grand Island, NY) was 
used for cDNA synthesis according to the manufacturer’s protocol. Quantitative RT-PCR was 
performed using the Applied Biosystems Taqman Gene Expression Assay Protocol as previously 
described (Berg et al., 2005). Genes of interest (NGF, custom probe, forward primer: 
TCAACAGGACTCACAGGAGCAA, reverse primer: ACTACCCCCGGTGGAAA, probe: 
CGGTCGTCATCCC; MOG, Ss03390489; PLP1, Ss03382317; MBP, Ss03385047) were 
compared with the endogenous control (RPL19, Ss03375624_g1) and expressed as fold-change 
relative to the endogenous control (Livak and Schmittgen, 2001). 
 
Statistical Analysis 
Statistical analysis of all data, except for VBM outcomes, was conducted using the 
MIXED procedure of SAS 9.4 (SAS Institute, Cary, NC). All measures were analyzed as a 2-
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way ANOVA, with fixed effects of prenatal choline status (sufficient vs. deficient) and postnatal 
choline status (sufficient vs. deficient). Study replicate and piglet sex were included in the model 
as random variables. For individual brain region volume assessment, total brain volume was 
expressed as absolute volume (mm3) and individual brain regions were evaluated as both 
absolute and relative (i.e., regional volume as a proportion of total brain volume for each piglet) 
units. Gene expression data were log transformed to meet the assumption of equal variance for 
the ANOVA prior to evaluation. Significance was accepted at P < 0.05, and trends were accepted 
as 0.05 ≤ P ≤ 0.10. Data are presented as LSMEANS ± SEM. 
In order to analyze VBM data, the statistical parametric methods (SPM) toolbox was used 
for statistical analysis. A 2-way ANOVA with main effects of prenatal choline status (CS vs. 
CD) and postnatal choline status (CS vs. CD) was performed, and an ANCOVA was used for 
global normalization. Pseudo-T statistic maps were generated showing areas where there was a 
difference (i.e., reduction) in gray or white matter for all comparisons using an uncorrected P < 
0.01. A threshold of at least 20 edge-connected voxels (defined as a cluster) was used. 
 
RESULTS  
Magnetic Resonance Imaging 
Brain Volume Estimation  
 Piglet brain volume was affected by perinatal choline status. A main effect of prenatal 
choline status was observed for total brain volume, where prenatal CD pigs had smaller (P = 
0.006) total brain volumes than their prenatal CS counterparts (Figure 3.1). When absolute brain 
ROI volumes were evaluated, an interaction (P < 0.05) between prenatal and postnatal choline 
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status was observed in the corpus callosum, right cortex, and grey matter. A main effect of 
prenatal choline status was observed for 13 of 22 ROI that were evaluated, where prenatally CD 
piglets had smaller (P < 0.05) volumes as compared to prenatally CS piglets (Table 3.1).  
When relative brain volumes were compared (Table 3.2), the observed interactions 
between pre- and postnatal choline status were no longer present in the corpus callosum, right 
cortex, and grey matter. Only a main effect of prenatal choline status was observed for relative 
brain ROI volumes where prenatally CD piglets had larger relative volumes of the corpus 
callosum (P = 0.035), midbrain (P = 0.006), pons (P = 0.037), right hippocampus (P = 0.027), 
and thalamus (P = 0.003) than prenatally CS piglets. 
Voxel-Based Morphometry 
 Perinatal choline status of piglets had differential effects on grey and white matter 
volumes within the brain. Grey matter volumes were influenced by perinatal choline status 
largely in cortical regions (Table 3.3). For example, a positive (e.g., sufficient > deficient) 
interaction (P < 0.01) between prenatal and postnatal choline statuses was observed in 9 cortical 
regions (e.g., left or right cortex) and 2 cerebellar regions. Interestingly, a main effect of 
postnatal choline status was observed in the internal capsule, where postnatally CS piglets had 
higher (P < 0.01) grey matter percentage volumes than postnatally CD piglets. 
In terms of relative white matter volumes, prenatal choline status largely affected 
subcortical brain regions, whereas postnatal choline status largely influenced cortical brain 
regions (Table 3.4). A main effect of prenatal choline status was observed in the hypothalamus, 
internal capsule, midbrain, medulla, and cerebellum, where prenatally CD piglets had lower (P < 
0.01) white matter volume percentages than prenatally CS piglets. A main effect of postnatal 
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choline status was observed in the left cortex, corpus callosum, and hippocampus/thalamus 
where postnatally CD piglets had lower (P < 0.01) white matter relative volumes compared with 
postnatally CS piglets. 
Single-Voxel Spectroscopy 
Piglets exposed to perinatal choline deficiency exhibited altered hippocampal metabolism 
(Table 3.5). A main effect of postnatal choline status was observed, where postnatally CD 
piglets had lower (P < 0.001) concentrations of glycerophosphocholine + phosphocholine (GPC 
+ PCh) when compared with postnatally CS piglets (Table 3.2). Additionally, a trend was 
observed for glutamate + glutamine (Glu + Gln), where prenatally CD piglets had lower (P = 
0.058) levels of Glu + Gln than prenatally CS piglets. 
Diffusion Tensor Imagining 
Analysis of DTI data revealed an interaction between pre- and postnatal choline statuses 
for FA values in the thalamus (P = 0.029) and right hippocampus (P = 0.040) (Table 3.6). In the 
right hippocampus, CS/CD piglets had higher FA values compared with CD/CD and CS/CS 
piglets, but were not different from CD/CS piglets. In the thalamus, CS/CD piglets had higher 
FA values than CD/CD piglets; but FA values of CS/CD piglets did not differ between CS/CS or 
CD/CS piglets. No other brain regions exhibited significant differences in FA values due to 
perinatal choline status.  
 Additionally, there were differences observed in the cerebellum in terms of RD (Table 
3.4) and MD (Table 3.6). There was a main effect of prenatal choline status on cerebellar RD 
where prenatally CD piglets had higher (P = 0.045) RD values than prenatally CS piglets. There 
was a trend for significance of prenatal choline status on cerebellar MD where prenatally CD 
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piglets had higher (P = 0.058) MD values than prenatally CS piglets. No other brain regions 
exhibited significant interactions or main effects of prenatal or postnatal choline status for MD, 
RD, or AD (Table 3.6) measures. 
Neuronal Growth and Myelination Gene mRNA Expression 
 Expression of neuronal growth and myelination genes was minimally altered by perinatal 
choline deficiency (Table 3.7). Of the four genes evaluated (nerve growth factor, NGF; myelin 
oligodendrocyte glycoprotein, MOG; myelin basic protein, MBP; proteolipid protein 1, PLP1) in 
two tissues (right hippocampus and medial prefrontal cortex, mPFC), significance was only 
detected for NGF in the mPFC. Prenatally CD piglets had lower (P = 0.005) mRNA expression 
of the NGF gene in the mPFC than did prenatally CS piglets. 
 
DISCUSSION  
This study investigated the effects of perinatal choline deficiency on neurodevelopment 
of the piglet. Specifically, we sought to determine whether prenatal or postnatal choline status 
was more important for brain development and function of the neonatal piglet. Overall, we 
observed that prenatal choline status is most influential on neurodevelopment; however, 
postnatal choline availability can alter hippocampal metabolism.  
To complement observations that postnatal choline deficiency resulted in altered 
metabolism and liver function of piglets (Getty and Dilger, 2015), there were also indications 
that choline deficiency influenced brain development. While choline is extremely important for 
structural development in terms of neuronal growth and myelination (Craciunescu et al., 2003; 
Yen et al., 2001; Zeisel, 2011), it has been rigorously demonstrated in rodent models that 
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prenatal choline status dictates postnatal cognitive functioning (Meck et al., 1988; Meck and 
Williams, 1997; Pyapali et al., 1998; Wong-Goodrich et al., 2008; Zeisel, 2000). The majority of 
studies examining prenatal choline status focus on the hippocampus and thus, the influence of 
choline deficiency on impaired learning and memory (McCann et al., 2006). Information 
regarding the impact of prenatal choline status on total brain size is limited, and primarily 
focused on postnatal (or post-hatch) development (Jose et al., 1970). The finding that prenatal 
choline deficiency decreases relative brain weight in 4-wk-old piglets (Getty and Dilger, 2015) 
indicates changes in global neurodevelopment may be occurring, and not limited only to 
functional processes involved in learning and memory.  
In the present study, assessment of total brain volume revealed that maternal choline 
deficiency resulted in smaller brains at 30 d of age. In both humans and pigs, neurogenesis 
primarily occurs in the late prenatal period and is nearly complete at birth (Dobbing and Sands, 
1973; Jelsing et al., 2006; Thompson and Nelson, 2001). Previous research has shown that rat 
fetuses collected from CD dams have decreased neural progenitor cell proliferation and increased 
apoptosis in the hippocampi, and similar effects may be expected for many mammalian species 
(Craciunescu et al., 2003). Smaller brain volumes observed in this study and previously in piglets 
exposed to prenatal choline deficiency (Getty and Dilger, 2015) may be due to decreased cellular 
migration and neurogenesis on a global scale.   
Absolute volumetric assessment of individual brain regions revealed 13 significantly 
smaller regions in prenatally CD piglets as compared with prenatally CS piglets. However, when 
expressed relative to total brain volume, only the corpus callosum, midbrain, pons, thalamus, and 
right hippocampus were affected by prenatal choline availability. These 5 subcortical regions 
were proportionately larger in prenatally CD piglets when compared to prenatally CS piglets. 
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Thus, choline deficiency during the prenatal period results in proportionately larger subcortical 
structures, suggesting preferential development of these regions may occur during a maternal 
nutritional insult. 
Magnetic resonance SVS revealed that postnatal choline restriction results in decreased 
GPC + PCh concentrations in the posterior hippocampi of 30 d piglets. These observed changes 
indicate that provision of a CD diet during the early neonatal period alone is enough to 
negatively affect the concentration of choline-containing compounds within the hippocampi and 
surrounding tissue. Glycerophosphocholine + phosphocholine acts as a storage form for choline 
within the cell (Rohlfs et al., 1993), and choline is necessary in the formation and maintenance of 
cellular membranes and as a component of sphingomyelin in the myelin sheath (Zeisel, 2006). 
Myelination within the developing brain occurs rapidly throughout the postnatal period, 
rendering the brain vulnerable to dietary choline deficiency (Barkovich, 2005). Therefore, 
decreased concentrations of GPC + PCh during the postnatal period may affect later white matter 
maturation in postnatally CD piglets.     
The hypothesis that preferential development of subcortical regions occurs is supported 
by VBM outcomes. Considering prenatally CS pigs exhibited higher white matter volume 
percentages in the hypothalamus, midbrain, and medulla compared with prenatally CD pigs, this 
may suggest these regions are more mature in prenatally CS piglets. To further evaluate white 
matter maturation in piglet brains, we utilized a DTI technique. Diffusion tensor imaging 
sequences allow for interpretation of water movement within in the brain. This water movement 
is expected to change over time as the morphology and composition of the brain changes, and 
reflects development and maturation of white matter tracts within the brain. There are four 
outcome measurements obtained from our DTI sequences: 1) mean diffusivity (MD) is a 
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measure of total water movement within a specific region, 2) radial diffusivity (RD) is a measure 
of water movement perpendicular to axonal alignment, 3) axial diffusivity (AD) is a measure of 
water movements parallel to axonal alignment, and 4) fractional anisotropy (FA) is a measure of 
directionality of diffusion of water molecules within the brain. 
In humans, it is known that white matter maturation begins in the prenatal period and 
continues into adulthood, with the highest rate of maturation occurring during the perinatal 
period (Barkovich, 2005). Mean diffusivity decreases with age as brain microstructure increases 
in size and as axons become wrapped in myelin as they mature, less water is able to move across 
the axon which results in decreased RD values (Huppi and Dubois, 2006). Piglets exposed to 
prenatal choline deficiency had decreased MD and RD values in the cerebellum as compared to 
prenatally CS piglets, suggesting delayed cerebellar development in prenatally CD piglets. 
Evaluation of brain maturation in humans has revealed that maturation occurs in a posterior-to-
anterior fashion, and myelination occurs more rapidly in functional systems that are needed in 
early life, which suggests that in a precocial animal like the pig, the cerebellum in one of the first 
areas to mature (Barkovich, 2005; Gilmore et al., 2007; Knickmeyer et al., 2008). This is 
important because the cerebellum is involved in motor control and cognitive functions such as 
associative learning (Stanton and Freeman, 1994). Research in rodents has revealed that choline 
deficiency during the prenatal period results in impaired learning and memory; however, most of 
these changes have been attributed to alterations in the hippocampus (Meck et al., 1988). To our 
knowledge, there has not been any research focused on choline deficiency and microstructural 
changes in the cerebellum as they relate to learning and memory, and further investigation is 
warranted. 
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The cerebellum was not the only region of the brain where white matter maturation was 
affected by perinatal choline status. Analysis of fractional anisotropy data revealed changes in 
the thalamus and right hippocampus of piglets. Fractional anisotropy provides a measure of 
directionality of diffusion of water molecules within the brain (Huppi and Dubois, 2006). As 
myelination increases, water molecules are restricted to anisotropic movement parallel to the 
axon, which is observed as an increased FA value, making FA a good indicator of white matter 
maturation. Interactions between pre- and postnatal choline status in the right hippocampus and 
thalamus of piglets suggest there may be an overcompensation in growth and development in 
prenatally CS piglets provided a postnatally CD milk replacer. Because choline is important for 
regulation of epigenetic modifications of the genome, one may speculate that prenatally CS 
piglets may be programmed for a certain rate of growth in a CS environment. However, when 
these piglets are provided a CD milk replacer, these early-developing regions may have received 
priority for available choline and experienced more rapid growth compared with other regions. 
Thus, investigation of the mechanism underlying this potential metabolic programming is 
warranted, as it may have long-term implications for brain function. 
In an attempt to understand these alterations in white matter maturation, we assessed 
mRNA expression in mPFC and hippocampus tissues to evaluate neuronal growth and white 
matter maturation. Unfortunately, the only change observed was for NGF in the mPFC, where 
prenatally CD piglets had lower mRNA expression than prenatally CS piglets. The mPFC was 
chosen as a representative brain region for cortical brain regions, and NGF is involved in cell 
differentiation and survival in the developing brain (Large et al., 1986). This supports the 
observation of lower volumes of cortical regions in prenatally CD piglets as compared to 
prenatally CS piglets, as a lower number of neurons should translate to a smaller brain. It may be 
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interesting to conduct a similar study where brain regions are collected for immunohistochemical 
analysis of several cortical and subcortical regions, to evaluate regional NGF production as well 
as production of proteins required for myelination. 
In conclusion, our study suggests that a limited choline supply during the prenatal period 
has profound impacts brain growth and development. Conversely, choline status during the 
postnatal period does not seem to have nearly as great effects on neurodevelopment. 
Investigation into white matter maturation using DTI suggested the prenatal choline deficiency 
delays neurodevelopment. This conclusion is further supported by observations in absolute 
whole brain, and relative ROI volumes, each suggested delayed development in prenatally CD 
piglets. 
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Table 3.1. Effects of perinatal choline status on brain region volumes in mm3 of 4-wk-old piglets1 
 Prenatal/Postnatal Treatment  P – Value2 
Region of Interest CS/CS CS/CD CD/CS CD/CD 
Pooled 
SEM Pre Post 
Pre x 
Post 
n 8 9 9 6     
         
Grey Matter 35485.0bc 37334.0c 34391.0ab 32545.0a 1273.4 0.001 0.998 0.018 
White Matter 15225.0 15314.0 14845.0 13578.0 617.5 0.042 0.241 0.180 
CSF 10122.0 9643.5 8143.8 8869.3 1404.4 0.073 0.866 0.419 
         
Caudate 472.5 498.6 451.3 465.1 14.6 0.043 0.131 0.635 
Cerebellum 6135.2 6311.0 5898.1 5615.1 230.3 0.001 0.666 0.075 
Cerebral Aqueduct 45.6 47.3 43.4 48.0 2.5 0.742 0.163 0.512 
Corpus Callosum 380.9b 387.2b 384.7b 348.8a 11.3 0.060 0.102 0.024 
Fourth Ventricle 52.3 54.5 50.6 47.9 2.6 0.034 0.883 0.200 
Hypothalamus 258.5 260.2 247.2 241.5 7.4 0.001 0.615 0.352 
Internal Capsule 1519.8 1539.6 1501.8 1386.5 55.3 0.057 0.273 0.128 
Lateral Ventricle 475.6 537.9 447.4 500.3 38.9 0.344 0.103 0.892 
Left Cortex 16658.0 17195.0 15718.0 14986.0 540.8 <0.001 0.758 0.055 
Left Hippocampus 478.0 496.4 470.5 452.4 21.4 0.096 0.991 0.228 
Medulla 1895.2 1883.5 1751.0 1692.0 73.6 <0.001 0.381 0.559 
Midbrain 1843.8 1867.1 1811.0 1736.2 41.8 0.018 0.430 0.140 
Olfactory Bulb 2522.7 2528.0 2388.3 2260.3 128.2 0.028 0.479 0.445 
Pons 1102.0 1123.3 1076.9 1029.9 38.2 0.003 0.484 0.072 
Putamen/GP 392.3 408.4 386.9 368.7 14.4 0.049 0.928 0.125 
Right Cortex 17138.0bc 17731.0c 16403.0ab 15668.0a 596.7 <0.001 0.823 0.046 
Right Hippocampus 483.1 501.8 472.4 469.6 21.8 0.166 0.594 0.479 
Thalamus 1598.5 1667.8 1599.9 1540.4 48.5 0.089 0.891 0.081 
Third Ventricle 49.1 49.2 48.5 48.8 2.8 0.832 0.936 0.984 
abcMeans within a row and without a common superscript differ (P < 0.05). 
1Values are means of 6-9 replicate pigs exposed to prenatal and postnatal choline treatments (e.g., CS/CS as the 
control group) with MRI data collected at 29-30 d of age. Volumes are in units of mm3. 
2Pre, main effect of prenatal choline status; Post, main effect of postnatal choline status; Pre x Post, interactive 
effect of prenatal and postnatal choline statuses. 
Abbreviations: CD, choline deficient; CS, choline sufficient; CSF, cerebrospinal fluid; GP, globus pallidus 
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Table 3.2. Effects of perinatal choline status on relative brain region volumes (% of whole brain) of 4-wk-old 
piglets1 
 Prenatal/Postnatal Treatment  P – Value2 
Region of Interest CS/CS CS/CD CD/CS CD/CD 
Pooled 
SEM Pre Post 
Pre x 
Post 
n 8 9 9 6     
         
Grey Matter 52.97 54.14 55.82 53.23 3.02 0.416 0.544 0.119 
White Matter 22.81 22.23 24.15 22.46 1.99 0.293 0.128 0.455 
CSF 14.90 13.60 13.24 14.68 1.67 0.801 0.950 0.241 
         
Caudate 0.71 0.73 0.74 0.76 0.05 0.082 0.207 0.803 
Cerebellum 9.15 9.14 9.56 9.18 0.48 0.208 0.262 0.296 
Cerebral Aqueduct 0.07 0.07 0.07 0.08 0.01 0.081 0.209 0.198 
Corpus Callosum 0.57 0.56 0.63 0.58 0.04 0.035 0.072 0.218 
Fourth Ventricle 0.08 0.08 0.08 0.08 0.01 0.628 0.574 0.476 
Hypothalamus 0.39 0.38 0.40 0.40 0.03 0.087 0.473 0.844 
Internal Capsule 2.28 2.23 2.45 2.30 0.21 0.074 0.144 0.421 
Lateral Ventricle 0.72 0.79 0.73 0.81 0.07 0.733 0.113 0.925 
Left Cortex 24.85 24.86 25.56 24.57 1.37 0.654 0.295 0.296 
Left Hippocampus 0.71 0.72 0.76 0.74 0.04 0.115 0.703 0.426 
Medulla 2.83 2.73 2.84 2.76 0.14 0.815 0.117 0.864 
Midbrain 2.76 2.71 2.94 2.87 0.21 0.006 0.266 0.788 
Olfactory Bulb 3.77 3.68 3.88 3.72 0.21 0.621 0.428 0.818 
Pons 1.64 1.62 1.75 1.69 0.09 0.037 0.329 0.611 
Putamen/GP 0.59 0.59 0.63 0.61 0.05 0.065 0.577 0.312 
Right Cortex 25.58 25.63 26.64 25.66 1.36 0.279 0.349 0.297 
Right Hippocampus 0.72 0.73 0.76 0.76 0.04 0.027 0.852 0.850 
Thalamus 2.39 2.42 2.60 2.52 0.16 0.003 0.601 0.273 
Third Ventricle 0.07 0.07 0.08 0.08 0.01 0.063 0.820 0.742 
1Values are means of 6-9 replicate pigs exposed to prenatal and postnatal choline treatments (e.g., CS/CS as the 
control group) with MRI data collected at 29-30 d of age. Relative volumes of regions of regions of interest were 
obtained by determining the percent of whole brain volume for individual pigs prior to statistical analysis. 
2Pre, main effect of prenatal choline status; Post, main effect of postnatal choline status; Pre x Post, interactive 
effect of prenatal and postnatal choline statuses. 
Abbreviations: CD, choline deficient; CS, choline sufficient; CSF, cerebrospinal fluid; GP, globus pallidus 
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Table 3.3. Effects of perinatal choline status on grey matter percentage volumes as determined by voxel-
based morphometric  analysis in 4-wk-old piglets1  
 
Region of Interest 
Number of 
Voxels 
 Cluster-level  Peak-level 
  P-value   T-value P-value 
Main effect of 
Prenatal Choline 
Status 
(CS > CD) 
Left Cortex 792  0.015  4.46 <0.001 
Left Cortex 501  0.044  4.75 <0.001 
Right Cortex 40  0.561  2.88 0.004 
Right Cortex 37  0.572  2.83 0.004 
Left Cortex 35  0.590  2.72 0.006 
Olfactory Bulb 33  0.602  2.88 0.004 
Left Cortex 26  0.648  2.62 0.007 
Right Cortex 168  0.222  3.38 0.001 
Right Cortex 166  0.225  3.75 <0.001 
Left Cortex 141  0.262  2.76 0.005 
Right Cortex 133  0.276  3.11 0.002 
Left Cortex 120  0.301  3.35 0.001 
Main effect of 
Postnatal Choline 
Status 
(CS > CD) 
Internal Capsule 132  0.278  3.05 0.003 
Internal Capsule 100  0.345  2.90 0.004 
Left Cortex 48  0.521  2.78 0.005 
Right Cortex 38  0.572  3.12 0.002 
Prenatal x 
Postnatal Choline 
Status 
(CS > CD) 
 
Right Cortex 1443  0.002  3.86 <0.001 
Left Cortex 273  ---  3.49 0.001 
Cerebellum 170  0.220  2.98 0.003 
Left Cortex 159  0.235  3.24 0.002 
Left Cortex 141  0.262  3.10 0.002 
Cerebellum 74  0.419  2.82 0.004 
Right Cortex 67  0.443  2.88 0.004 
Left Cortex 22  0.679  2.65 0.007 
1Values are derived from 6 – 9 replicate pigs exposed to prenatal and postnatal choline treatments (e.g., 
CS/CS as the control group) subjected to magnetic resonance imaging procedures at 29 – 30 d of age. 
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Table 3.4. Effects of perinatal choline status on white matter percentage volumes as determined by voxel-based 
morphometric analysis in 4-wk-old piglets1 
 
Region of Interest 
Number of 
Voxels 
 Cluster-level  Peak-level 
  P-value   T-value P-value 
Main effect of 
Prenatal Choline 
Status 
(CS > CD) 
Hypothalamus 233  0.138  3.59 0.001 
Midbrain 85  0.364  3.07 0.002 
Internal Capsule 77  0.388  3.10 0.002 
Medulla 55  0.469  2.92 0.003 
Cerebellum 33  0.584  2.84 0.004 
Main effect of 
Postnatal Choline 
Status 
(CS > CD) 
Corpus Callosum 1328  0.002  3.80 <0.001 
Left Cortex 320  0.086  4.00 <0.001 
Left Cortex 51  0.487  2.73 0.005 
Left Hippocampus/Thalamus 39  0.548  2.67 0.006 
Right Hippocampus/Thalamus 26  0.632  2.64 0.007 
Prenatal x Postnatal 
Choline Status 
(CS > CD) 
Left Cortex 87  0.358  3.33 0.001 
1Values are derived from 6 – 9 replicate pigs exposed to prenatal and postnatal choline treatments (e.g., CS/CS as the 
control group) subjected to magnetic resonance imaging procedures at 29 – 30 d of age. 
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Table 3.5. Effects of perinatal choline status on hippocampal metabolism as determined by single-voxel 
spectroscopy in 4-wk-old piglets1 
 Prenatal/Postnatal Treatment  P – Value2 
Metabolite CS/CS CS/CD CD/CS CD/CD 
Pooled 
SEM Pre Post 
Pre x 
Post 
n 8 9 9 6     
Glu 6.349 6.090 6.058 5.739 0.422 0.154 0.197 0.892 
myo-Inositol 9.729 9.272 9.061 9.167 0.595 0.415 0.707 0.550 
NAA 5.564 5.442 5.101 5.558 0.293 0.396 0.408 0.160 
scyllo-Inositol 0.488 0.463 0.439 0.465 0.047 0.519 0.989 0.464 
GPC + PCh 1.634 1.340 1.572 1.394 0.084 0.947 <0.001 0.332 
NAA + NAAG 6.077 5.970 5.969 6.112 0.328 0.927 0.922 0.491 
Cr + PCr 4.487 4.316 4.318 4.264 0.214 0.326 0.311 0.600 
Glu + Gln 10.296 9.827 9.824 7.762 1.093 0.058 0.056 0.221 
MM09 4.833 4.857 4.679 5.530 0.469 0.286 0.076 0.099 
MM20 10.970 10.877 10.579 10.273 1.131 0.341 0.697 0.836 
MM09 + Lip09 5.066 5.580 4.977 5.229 0.547 0.411 0.155 0.623 
MM20 + Lip20 11.729 11.732 11.198 11.173 1.141 0.281 0.982 0.977 
1Values are means of 6-9 replicate pigs exposed to prenatal and postnatal choline treatments (e.g., CS/CS as the 
control group) with MRI data collected at 29-30 d of age.  
2Pre, main effect of prenatal choline status; Post, main effect of postnatal choline status; Pre x Post, 
interaction between prenatal and postnatal choline statuses. 
Abbreviations: CD, choline deficient; Cr + PCr, creatine + phosphocreatine; CS, choline sufficient; Glu, 
glutamate; GPC + PCh, glycerophosphocholine + phosphocholine; Lip09, unknown lipid 09; Lip20, 
unknown lipid 20; MM09, unknown macromolecule 09; MM20, unknown macromolecule 20; NAA, N-
acetylaspartate; NAA + NAAG, N-acetylaspartylglutamate 
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Table 3.6. Effects of perinatal choline status on white matter maturation as determined by diffusion tensor imaging in 4-wk-old piglets1  
 Prenatal/Postnatal Treatment  P – Value2 
Region of Interest CS/CS CS/CD CD/CS CD/CD 
Pooled 
SEM Pre Post 
Pre x 
Post 
Fractional Anisotropy, FA Units  
Corpus Callosum 0.273 0.283 0.272 0.273 0.009 0.466 0.404 0.525 
Left Hippocampus 0.294 0.316 0.300 0.287 0.012 0.277 0.629 0.105 
Right Hippocampus 0.279a 0.303b 0.286ab 0.276a 0.009 0.239 0.375 0.040 
Internal Capsule 0.395 0.387 0.397 0.405 0.010 0.260 0.979 0.337 
Left White Matter 0.306 0.308 0.306 0.304 0.004 0.425 0.942 0.550 
Right White Matter 0.302 0.313 0.303 0.303 0.006 0.328 0.233 0.255 
Thalamus 0.321ab 0.336b 0.328ab 0.318a 0.006 0.320 0.706 0.029 
Caudate 0.295 0.302 0.297 0.295 0.009 0.773 0.790 0.547 
Cerebellum 0.168 0.188 0.176 0.181 0.017 0.973 0.387 0.606 
Total White Matter 0.303 0.313 0.304 0.303 0.005 0.264 0.324 0.232 
Whole Brain 0.304 0.314 0.304 0.305 0.005 0.325 0.226 0.268 
         
Radial Diffusivity, x 10-3 mm2 / sec  
Corpus Callosum 1.116 1.108 1.056 1.139 0.069 0.763 0.428 0.342 
Left Hippocampus 1.001 0.943 0.962 1.015 0.039 0.593 0.935 0.082 
Right Hippocampus 1.024 1.010 0.965 0.993 0.037 0.256 0.836 0.524 
Internal Capsule 0.664 0.686 0.654 0.651 0.023 0.278 0.640 0.554 
Left White Matter 0.840 0.859 0.861 0.843 0.021 0.899 0.993 0.334 
Right White Matter 0.842 0.835 0.838 0.828 0.015 0.614 0.457 0.877 
Thalamus 0.746 0.734 0.737 0.743 0.013 0.994 0.769 0.360 
Caudate 0.868 0.848 0.847 0.842 0.055 0.707 0.734 0.835 
Cerebellum 1.015 0.969 1.041 1.026 0.039 0.046 0.132 0.431 
Total White Matter 0.842 0.836 0.847 0.837 0.014 0.807 0.441 0.835 
Whole Brain 0.853 0.851 0.872 0.855 0.016 0.330 0.393 0.494 
         
Axial Diffusivity, x 10-3 mm2 / sec  
Corpus Callosum 1.696 1.700 1.602 1.698 0.098 0.483 0.468 0.504 
Left Hippocampus 1.573 1.514 1.534 1.584 0.047 0.676 0.905 0.169 
Right Hippocampus 1.573 1.602 1.506 1.527 0.048 0.104 0.558 0.925 
Internal Capsule 1.252 1.265 1.239 1.253 0.022 0.531 0.504 0.966 
Left White Matter 1.337 1.365 1.365 1.337 0.027 0.983 0.994 0.252 
Right White Matter 1.332 1.338 1.326 1.314 0.021 0.342 0.837 0.568 
Thalamus 1.225 1.234 1.226 1.215 0.022 0.604 0.942 0.569 
Caudate 1.355 1.338 1.324 1.301 0.075 0.492 0.688 0.955 
Cerebellum 1.308 1.284 1.343 1.331 0.040 0.170 0.533 0.841 
Total White Matter 1.336 1.339 1.342 1.326 0.019 0.824 0.666 0.540 
Whole Brain 1.352 1.364 1.378 1.357 0.021 0.522 0.759 0.301 
         
Mean Diffusivity, x 10-3 mm2 / sec  
Corpus Callosum 1.309 1.305 1.238 1.325 0.078 0.637 0.440 0.401 
Left Hippocampus 1.192 1.133 1.153 1.205 0.041 0.616 0.924 0.102 
Right Hippocampus 1.207 1.207 1.145 1.171 0.040 0.177 0.718 0.719 
Internal Capsule 0.860 0.879 0.849 0.852 0.022 0.329 0.578 0.687 
Left White Matter 1.006 1.028 1.029 1.007 0.023 0.944 0.998 0.298 
Right White Matter 1.005 1.003 1.001 0.990 0.016 0.483 0.600 0.740 
Thalamus 0.905 0.901 0.900 0.901 0.015 0.803 0.849 0.822 
Caudate 1.031 1.012 1.006 0.995 0.061 0.612 0.711 0.919 
Cerebellum 1.113 1.073 1.142 1.128 0.038 0.058 0.221 0.543 
Total White Matter 1.007 1.004 1.012 1.000 0.016 0.956 0.523 0.706 
Whole Brain 1.020 1.022 1.040 1.022 0.017 0.394 0.522 0.403 
abcMeans within a row and without a common superscript differ (P < 0.05). 
1Values are means of 6-9 replicate pigs exposed to prenatal and postnatal choline treatments (e.g., CS/CS as the control group) with MRI 
data collected at 29-30 d of age.  
2Pre, main effect of prenatal choline status; Post, main effect of postnatal choline status; Pre x Post, interaction between prenatal and 
postnatal choline statuses 
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Table 3.7. Effects of perinatal choline status on mRNA expression of neuronal growth and 
myelination proteins in mPFC and right hippocampus in 4-week-old piglets1 
 Prenatal/Postnatal Treatment  P-Value2 
Item CS/CS CS/CD CD/CS CD/CD  Pre Post Pre x Post 
mPFC         
MBP 1.000 0.908 1.002 1.211  0.817 0.941 0.819 
MOG 1.000 1.036 1.084 1.185  0.835 0.903 0.959 
PLP1 1.000 0.918 1.141 1.333  0.507 0.926 0.750 
NGF 1.000 1.085 0.323 0.630  0.005 0.183 0.295 
Hippocampus         
MBP 1.000 1.329 1.727 1.692  0.360 0.757 0.721 
MOG 1.000 1.392 1.862 1.320  0.261 0.979 0.184 
PLP1 1.000 1.275 1.678 1.451  0.136 0.818 0.364 
NGF 1.000 1.213 1.343 1.203  0.438 0.821 0.414 
1Values are means of 8-9 replicate pigs exposed to prenatal and postnatal choline treatments (e.g., 
CS/CS as the control group) with MRI data collected at 29-30 d of age. Data are presented as fold-
change relative to the CS/CS treatment group.  
2Pre, main effect of prenatal choline status; Post, main effect of postnatal choline status; Pre x 
Post, interaction between prenatal and postnatal choline statuses 
Abbreviations: CD, choline deficient; CS, choline sufficient; mPFC, medial prefrontal cortex; 
MBP, myelin basic protein; MOG, myelin oligodendrocyte glycoprotein; NGF, nerve growth 
factor; PLP1, proteolipid protein 1 
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Figure 3.1.  Whole brain volume of piglets exposed to either prenatal choline deficiency or 
sufficiency. Values are means of the total brain volume as measured by magnetic resonance 
imaging of piglets born to sows fed either choline deficient (CD, n = 15) or choline sufficient 
(CS, n = 17) gestation diets. Prenatally CD piglets had smaller (P = 0.006) brains than prenatally 
CS piglets.
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CHAPTER FOUR 
 
MATERNAL CHOLINE INTAKE DURING GESTATION AFFECTS PERFORMANCE 
IN A SPATIAL LEARNING AND MEMORY TASK 
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ABSTRACT  
Although recognized as an essential nutrient in 1998, more than 90% of adults (including 
pregnant women) in the United States are consuming choline, a micronutrient required for 
normal neurodevelopment, below recommended levels. Unfortunately, there is relatively little 
research evaluating the impact of maternal dietary choline intake on infant or childhood 
intelligence outcomes. Numerous rodent studies have reported diminished performance in 
learning and memory tasks due to maternal choline deficiency during gestation. However, 
rodents may not be the most appropriate model to study early life choline status. As such, pigs 
were chosen as a model for the human infant due to striking similarities in digestive physiology, 
neuroanatomy, and neurodevelopmental trajectory. We hypothesized that pigs would display 
learning and memory outcomes similar to what has been observed in rodents, and provide a 
stepping stone to translating these findings to humans. To test this hypothesis, pregnant sows 
were provided either a choline deficient or choline sufficient diet for the last 65 d of pregnancy. 
Piglets were provided either a choline sufficient or choline deficient milk replacer at 2 d of age. 
Piglets underwent spatial memory evaluation using a T-maze task (17-28 d of age). In general, 
prenatally CD piglets performed better on the T-maze task than their prenatally CS counterparts. 
This was somewhat unexpected; however, this may have been due to compensatory brain growth 
and development during the postnatal period. To explore this discrepancy, several neurotrophic 
factors in the hippocampus and striatum were evaluated in two separate cohorts of piglets: those 
that were evaluated using the T-maze, and those that were not. Piglets exposed to both prenatal 
choline deficiency tended to have higher (P = 0.061) hippocampal mRNA expression of NGF 
than their prenatally CS counterparts; however, when piglets were exposed to the T-maze task, 
this effect was no longer observed. As such, participation in a cognition task appears to mitigate 
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some of the impacts of perinatal choline deficiency. Overall, prenatal choline deficiency 
influences neurodevelopment of the piglet to a greater extent than postnatal choline deficiency. 
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INTRODUCTION 
Choline is an essential nutrient; required to produce the neurotransmitter acetylcholine, 
all phospholipid membranes, sphingomyelin, and many other important compounds in the body 
(Zeisel, 1981). Importantly, provision of appropriate dietary choline is needed for proper 
neurodevelopment during gestation and the early neonatal period (Albright et al., 1999b; Zeisel, 
2000, 2011). Unfortunately, more than 90% of adults in the United States are consuming choline 
below the adequate intake level and this figure includes pregnant women (Fulgoni and Buckley, 
2015; Institute of Medicine, 1998). It is important to recognize that maternal choline deficiency 
is a worldwide nutrition issue. Indeed, available research suggests that most of the world may not 
be consuming adequate choline. 
The impact of maternal choline deficiency on neurodevelopment has been robustly 
demonstrated in animal models (Boeke et al., 2013; Villamor et al., 2012). Several rodent studies 
have reported diminished performance in behavioral cognition tasks due to maternal choline 
deficiency (Jones et al., 1999; Meck et al., 1988; Meck and Williams, 1999; Wong-Goodrich et 
al., 2008). Data from human studies investigating perinatal choline deficiency and childhood 
cognition are largely inconclusive, which makes the use of a more similar translational animal 
model to bridge this gap an important next step.  
The pig is an ideal animal model to investigate the impacts of perinatal choline deficiency 
on neurodevelopment due to striking similarities in gastrointestinal physiology, neuroanatomy, 
and neurodevelopmental trajectories (Conrad et al., 2012a; Conrad et al., 2012b; Dobbing and 
Sands, 1979; Moughan et al., 1992). Previously, our laboratory has reported altered brain 
development in piglets due to maternal choline deficiency (Getty and Dilger, 2015; Mudd et al., 
2015), and we now aim to further elucidate these changes. Thus, our objectives in this study 
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were: 1) to further explore structural neurodevelopmental changes elicited by perinatal choline 
deficiency using molecular analysis, and 2) to determine if these changes result in altered 
performance in a T-maze spatial memory task. 
 
MATERIALS AND METHODS 
Ethics Statement 
All animal care and experimental procedures were in accordance with the Guide for the 
Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use 
Committee of the University of Illinois (Protocols 10125 and 13313). 
Animals, Housing, and Dietary Treatments  
Animal housing and dietary interventions have been described in detail elsewhere [Exp. 
1, (Getty and Dilger, 2015); Exp. 2 (Mudd et al., 2015)]. Briefly, beginning on d 50 of the 114 d 
gestation period, sows were assigned to one of two experimental diets (prenatal intervention) 
containing either a sufficient (CS) or deficient (CD) concentration of dietary choline. This 
feeding period was chosen in order to minimize risk of fetal loss due to choline deficiency 
(Stockland and Blaylock, 1974), is the gestational period most relevant to brain development 
(Dobbing and Sands, 1979), and mimics numerous rodent studies evaluating choline status and 
hippocampal development (Meck and Williams, 1997; Pyapali et al., 1998).  
Forty-eight hours after farrowing, piglets were assigned to either a CS or CD milk 
replacer, resulting in 2 x 2 factorial arrangement of 4 treatment groups (prenatal/postnatal): 
CS/CS, CS/CD, CD/CS, and CD/CD. In Exp. 1, a total of 32 piglets (CS/CS, n = 8; CS/CD, n = 
8; CD/CS, n = 8; CD/CD, n = 8) and in Exp. 2, a total of 58 piglets (CS/CS, n = 14; CS/CD, n = 
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15; CD/CS, n = 15; CD/CD, n = 14) were assigned to treatment groups. In Exp. 2, only 34 of the 
pigs completed the MRI evaluation and were euthanized for tissue collection; all piglets 
completed the T-maze task. Piglets were assigned to treatment groups by evenly distributing 
genetics, sex, and weight. 
 
Tissue Collection 
 At study conclusion, piglets were anesthetized using a Telazol:ketamine:xylazine (TKX) 
solution [50.0 mg of tiletamine plus 50.0 mg of zolazepam reconstituted with 2.5 mL ketamine 
(100 g/L) and 2.5 mL xylazine (100 g/L); Zoetis, Florham Park, NJ]. The TKX was administered 
i.m. at 0.03 mL/kg body weight. After verification of anesthetic induction, piglets were 
euthanized via intracardiac injection of sodium pentobarbital (86.0 mg/kg body weight; Fatal 
Plus, Vortech Pharmaceuticals, Dearborn, MI or Euthasol, Virbac Corporation, Fort Worth, TX). 
Brains were immediately removed and dissected and tissues snap-frozen in liquid nitrogen (Exp. 
2) or RNAlater (Ambion, Grand Island, NY; Exp. 1) and stored at -80° C until processing. 
 
T-Maze Spatial Recognition Task 
 To examine hippocampal and striatal function, piglets (Exp. 2) were subjected to the 
behavioral task at 17 d of age. The task was performed as described previously (Elmore et al., 
2012) with modifications to maze dimensions (Fig. 4.1). Briefly, piglets completed 10 trials per 
day, for a total of 12 days. The first 8 days of testing constituted the acquisition phase, i.e. 
learning to locate the chocolate milk reward in a fixed point in space, using the extra-maze visual 
cues. Following acquisition, the reward arm was switched (i.e. the previously incorrect arm was 
rewarded), constituting the reversal phase (4 d).   
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 The behavioral task was conducted at approximately 0730 h each morning, following a 
nightly 8 h food deprivation period. During each trial, every piglet was allowed 60 s to make a 
choice between the North or South reward arms. If the piglet chose correctly, it received a 
chocolate milk reward (Hershey’s Chocolate Syrup, Hershey, PA; chosen because it utilizes 
xanthan gum, rather than lecithin as an emulsifier). Each piglet completed 10 trials per day, 
where the first piglet tested each morning was determined in a random fashion.  
Performance during the T-maze task was recorded using an overhead video system. 
Video was reviewed following completion of the 12 d of cognition testing, and latency to choice 
was recorded. A choice was determined when a piglet crossed the dashed line (with all four 
limbs, Fig. 4.1) placed in the reward arm. If a piglet took longer than 60 s to make a choice, an 
outcome of non-compliance was recorded, and the trial did not figure into the final results. 
Should a piglet fail to complete more than 3 trials in any given day during acquisition, it would 
be disqualified from the task; however, no pigs were disqualified for this reason. Personnel 
recording latency to choice completed at least one entire replicate, and replicate (farrowing 
group) was included as a random effect in the statistical analysis. 
 
Real-time PCR 
 Total RNA from 50 – 100 mg of tissue from the right hippocampus and striatum was 
isolated using the Tri Reagent Protocol (Sigma, St. Louis, MO). A reverse transcription kit 
(QuantiTect, Qiagen, Valencia, CA or High-capacity cDNA Reverse Transcription Kit, Applied 
Biosystems, Grand Island, NY) was used for cDNA synthesis according to the manufacturer’s 
protocol. Quantitative RT-PCR was performed using the Applied Biosystems Taqman Gene 
Expression Assay Protocol as previously described (Berg et al., 2005). Genes of interest (BDNF, 
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Ss03822335_s1; NGF, custom probe, forward primer: TCAACAGGACTCACAGGAGCAA, 
reverse primer: ACTACCCCCGGTGGAAA, probe: CGGTCGTCATCCC; Synapsin 1,SYN1, 
Ss03818488_m1; and choline acetyltransferase, ChAT, Ss03391508_m1) were compared with 
the endogenous control (RPL19, Ss03375624_g1) and expressed as relative fold changes to the 
endogenous control (Livak and Schmittgen, 2001). 
 
Statistical Analysis 
Data analysis of gene expression and behavioral data was conducted using the MIXED 
procedure of SAS 9.3 (SAS Inst. Inc., Cary, NC). Gene expression data were analyzed as a 2-
way ANOVA with main effects of prenatal choline status (CS vs. CD) and postnatal choline 
status (CS vs. CD); random effects included in the model included farrowing group (Exp. 1 and 
2) and sex (Exp. 2 only). All gene expression data were log transformed prior to analysis to 
satisfy the assumption of homogeneity of variance. Behavior data were analyzed as a 3-way 
repeated measures ANOVA [prenatal choline status (CS vs. CD), postnatal choline status (CS vs. 
CD), and day within phase as the repeated measure]. Acquisition and reversal periods were 
analyzed separately, and latency to choice data were log transformed prior to analysis in order to 
satisfy the assumption of homogeneity of variance. Significance was accepted at P < 0.05, with 
trends denoted at 0.05 < P < 0.10. Data are presented as least square means ± SEM. 
 
RESULTS 
T-maze memory task  
104 
 
Perinatal choline deficiency impacted performance of piglets on a hippocampus-
dependent spatial T-maze task (Fig. 4.2). For all measures, a main effect of time (P < 0.001) was 
observed where number of correct choices increased, and latency to choice (i.e., time required to 
make a decision) decreased over time. During the acquisition phase, there was an interaction 
between postnatal choline status and time (P = 0.029) where postnatally CD piglets steadily 
improved (in terms of proportion of correct choices in the maze) over time, and postnatally CS 
piglets performed more variably. A main effect of prenatal choline status was observed for 
latency to choice, where prenatally CD piglets made a choice faster (P = 0.014) than prenatally 
CS piglets. 
During the reversal phase, prenatal choline status continued to influence performance. A 
main effect of prenatal choline status was observed, where prenatally CD piglets made more (P = 
0.044) correct choices than prenatally CS piglets. Additionally, an interaction between prenatal 
choline status and time (P = 0.034) was observed for latency to choice, where prenatally CD 
piglets made choices faster each day but prenatally CS piglets initially chose faster, but slowed 
down by the end of reversal. 
Expression of mRNA of Genes Involved in Learning and Memory 
Exposure to a perinatal choline deficiency altered mRNA expression of BDNF and NGF, 
but participation in a learning and memory task negated these changes. In Exp. 1, prenatally CD 
piglets tended to have higher (P = 0.061) NGF mRNA expression than prenatally CS piglets 
(Table 4.1). In Exp. 2, there were no significant effects of pre- or postnatal choline status or an 
interaction observed for NGF. There were no effects observed for any of the other genes 
evaluated (BDNF, SYN1, ChAT) in either experiment. 
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DISCUSSION 
 This study investigated the effects of perinatal choline deficiency on performance in a 
hippocampus-dependent learning and memory task in piglets. Overall, we observed that prenatal 
choline status influenced neurodevelopment of the piglet to a greater extent than postnatal 
choline status as evidenced by performance in a T-maze task and hippocampal NGF mRNA 
expression. 
Perinatal choline deficiency differentially impacts performance in a place and direction 
learning and memory task 
 While choline is extremely important for structural development in terms of neuronal 
growth and myelination (Craciunescu et al., 2003; Yen et al., 2001; Zeisel, 2011), it has been 
rigorously demonstrated in rodent models that prenatal choline status dictates postnatal cognitive 
functioning (Meck et al., 1988; Meck and Williams, 1997; Pyapali et al., 1998; Wong-Goodrich 
et al., 2008; Zeisel, 2000). The majority of studies examining prenatal choline status focus on the 
hippocampus and thus, the influence of choline deficiency on impaired learning and memory 
(McCann et al., 2006). The present study reveals that prenatal choline deficiency impacts 
performance in a hippocampus-dependent spatial memory task. Interestingly, prenatally CS 
piglets did not always perform better than prenatally CS piglets in the T-maze task. This 
unexpected finding may be due to delayed development in prenatally CD piglets occurring 
during, and facilitated by, participation in the T-maze task. Unfortunately, the brain growth spurt 
and growth trajectories are so different between rodents and pigs that this finding has not been 
observed previously in rodents. 
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 Fortunately, evaluation of neurotrophic factors may provide insight into this conundrum. 
Evidence suggests that cholinergic neurons originating in the basal forebrain and innervating the 
hippocampus are dependent on NGF for normal development (Sandstrom et al., 2002), and it has 
been demonstrated in rodent models that dams exposed to gestational choline deficiency produce 
pups with decreased mitosis and elevated apoptosis of hippocampal progenitor cells (Albright et 
al., 1999a; Albright et al., 1999b; Craciunescu et al., 2003). Piglets born to CD sows that did not 
participate in the T-maze task exhibited a trend for elevated NGF at 4 weeks of age; however, 
those piglets that participated in the T-maze task no longer exhibited this trend. It should be 
noted that more definitive results may have been obtained if more piglets were used in both 
experiments. It could be that this increase in gene expression of piglets that did not participate in 
the T-maze task may prime the hippocampus for neuronal growth and synaptogenesis during 
exposure to a learning and memory task. 
 To evaluate the potential for increased synaptogenesis in prenatally CD piglets following 
participation in the T-maze task, we also evaluated SYN1 mRNA expression. Synapsin 1 is a 
protein which had been previously shown to play a role in synaptogenesis in mice (Chin et al., 
1995). Unfortunately, no effects of pre- or postnatal choline status, or an interaction between the 
two, was observed for either experiment. As such, further exploration utilizing additional 
synaptogenesis gene primer probes or histologic analysis may be warranted. 
 Previously, determination of learning the T-maze task was defined as piglets choosing the 
correct arm 80% of the time by the last day of acquisition (Elmore et al., 2012). However, not all 
piglets in this experiment achieved 80% by the end of acquisition. This may be due to use of the 
striatum for decision making rather than the hippocampus. It has been shown previously that 
striatum-based and hippocampus-based learning systems compete for control over learning 
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(Hawley et al., 2015). As such, there are two-types of learning styles in a spatial T-maze task: 
place learners (hippocampus-dependent, relies on cues placed around the maze) and response 
learners (striatum-dependent, relies on a turning-bias in order to receive the food reward) 
(Packard and McGaugh, 1996). Additionally, it has been shown that some rats, which are 
initially place learners, shift to response learning after extensive training (Chang and Gold, 
2003). This may account for some of the variability observed midway through acquisition. 
Importantly, it should be noted that in the present experiment start arms were alternated in a 
random fashion and piglets never started from the same start box more than twice in a row. Place 
vs. response learning appears to be regulated by acetylcholine (ACh) release in the hippocampus 
and striatum. As such, evaluation of Ach concentrations in these brain regions may be warranted 
to further elucidate the interesting performance in the T-maze task. 
Overall, perinatal choline deficiency impacted performance of piglets in a spatial T-maze 
task. Additionally, differences in NGF expression observed in piglets that did not participate in 
the task appeared to be reversed upon participation in the learning and memory task. Further 
studies are warranted on this topic, as choline available in both the CD and CS postnatal piglet 
diets is sufficient to allow to the hippocampus to increase cell proliferation during the early 
postnatal period and compensate for restricted prenatal development. Use of another learning and 
memory paradigm may be warranted to evaluate perinatal choline deficiency, as piglets may 
have exhibited a combination of striatal and hippocampal learning strategies, making it more 
difficult to draw clear conclusions from this study.
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Table 4.1. mRNA expression of neuronal growth and myelination proteins in striatum and right 
hippocampus in 4-week-old piglets1 
 Prenatal/Postnatal Treatment  P-Value2 
Gene of Interest CS/CS CS/CD CD/CS CD/CD  Pre Post 
Pre x 
Post 
Experiment 13      
   Striatum         
BDNF 1.00 1.06 1.64 0.61  0.962 0.416 0.360 
SYN1 1.00 1.07 0.39 0.73  0.128 0.461 0.358 
ChAT 1.00 0.91 0.83 1.37  0.824 0.634 0.546 
NGF 1.00 1.26 2.37 0.82  0.626 0.345 0.148 
   Hippocampus         
BDNF 1.00 1.14 1.01 1.34  0.557 0.162 0.616 
SYN1 1.00 1.61 1.45 1.46  0.422 0.153 0.171 
NGF 1.00 0.81 1.31 1.24  0.061 0.458 0.675 
Experiment 23      
   Striatum         
BDNF 1.00 0.79 0.62 0.78  0.315 0.992 0.344 
SYN1 1.00 0.84 0.68 0.59  0.101 0.468 0.929 
ChAT 1.00 0.65 0.65 0.58  0.477 0.480 0.665 
NGF 1.00 1.03 0.68 1.04  0.367 0.280 0.356 
   Hippocampus         
BDNF 1.00 1.19 1.33 1.29  0.347 0.706 0.589 
SYN1 1.00 1.17 0.99 1.06  0.732 0.485 0.797 
NGF 1.00 1.21 1.34 1.20  0.438 0.821 0.414 
1Values are fold-changes relative to the CS/CS treatment group (e.g. the control group) of 8-9 replicate 
pigs exposed to prenatal and postnatal choline treatments collected at 29-30 d of age.  
2Pre, main effect of prenatal choline status; Post, main effect of postnatal choline status; Pre x Post, 
interaction between prenatal and postnatal choline statuses 
3Experiment 1, piglets exposed to prenatal and postnatal choline treatments, but not to MRI or the 
behavioral task; Experiment 2, piglets exposed to prenatal and postnatal choline treatments, and also to 
MRI and the behavioral task 
Abbreviations: BDNF, brain-derived neurotrophic factor; CD, choline deficient; ChAT, choline 
acetyltransferase; CS, choline sufficient; MRI, magnetic resonance imaging; NGF, nerve growth factor; 
SYN1, synapsin 1 
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Figure 4.1. Schematic of T-maze used in cognitive behavioral experiment. 
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Figure 4.1 (continued). 
 Piglets were trained (acquisition phase) to locate a chocolate milk reward in a constant place in 
space, as well as direction (north or south); using extra-maze visual cues in a clear, plus-shaped 
maze with four arms; two start arms (east and west) and two reward arms (north and south, each 
piglet assigned to one correct reward arm at the start of the experiment). During the reversal 
phase, the correct reward arm for each piglet was reversed and the piglets were re-tested to 
assess learning and working memory. The dashed lines indicate location of tape on the maze 
floor used for recording latency to choice measurements and the stars indicate the four unique 
extra-maze cues situated around the maze.                                             
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Figure 4.2. Performance of piglets in a hippocampus-dependent T-maze behavioral task.   
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Figure 4.2 (continued).  
There were no interactions between pre- and postnatal choline status, thus, data are presented as 
effects of prenatal choline status and of postnatal choline status. A, cognitive behavioral 
performance (proportion correct) of piglets exposed to either a CS or CD prenatal environment. 
Additionally, a main effect (P = 0.044) of prenatal choline status was observed during the 
reversal phase. B, latency to choice of piglets exposed to either a CS or CD prenatal 
environment. A main effect (P = 0.014) of prenatal choline status was observed during the 
acquisition phase. During the reversal phase, an interaction (P = 0.034) was observed between 
prenatal choline status and time. C, cognitive behavioral performance (proportion correct) of 
piglets exposed to either a CS or CD postnatal environment. During the acquisition phase, an 
interaction (P = 0.029) between postnatal choline status and time was observed. D, latency to 
choice of piglets exposed to either a CS or CD postnatal environment. Each data point represents 
the average ± SEM performance of treatment groups (CS/CS, n = 13; CS/CD, n = 15; CD/CS, n 
= 15; CD/CD, n = 14). Piglets were subjected to 10 daily trials during both acquisition (A1 – A8) 
and reversal (R1 – R4) testing. CD, choline deficient; CS, choline sufficient; * indicates a 
difference (P < 0.05) between CS and CD treatment groups; ●, choline sufficient; ■, choline 
deficient. 
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CHAPTER FIVE 
 
OVERALL HEALTH AND GROWTH EFFECTS OF PERINATAL  
CHOLINE STATUS IN THE GROWING PIG 
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ABSTRACT 
Very little research has been conducted within the last 30 years with regard to dietary 
choline intake and overall health in domestic pigs. We have previously described the negative 
impacts of perinatal choline deficiency on the neonate, and now aim to study the impacts of 
perinatal choline deficiency in the growing pig. In the present study, pregnant sows were 
provided either a choline deficient (CD, mg/kg DM) or choline sufficient (CS, mg/kg DM) diet 
for the last 65 d of gestation (prenatal intervention). Piglets were weaned from these sows 48 h 
after farrowing and provided either a CD (518 mg/kg DM) or CS (1591 mg/kg DM) milk 
replacer (postnatal intervention) for 29 ± 1 d, resulting in a factorial arrangement of 4 treatment 
(prenatal/postnatal) groups: CS/CS, CS/CD, CD/CS, and CD/CD. At 28 d, half of the piglets 
were transferred to standard nursery/grower diets until 89 ± 2 d of age. Importantly, this study 
replicated growth and health outcomes in neonatal pigs due to perinatal choline deficiency 
previously observed in our laboratory. Specifically, piglets receiving the CD milk replacer had 
elevated (P < 0.05) liver enzymes (alkaline phosphatase, aspartate aminotransferase, and gamma-
glutamyl transferase) compared with piglets receiving the CS milk replacer at 29 ± 1 d of age. In 
piglets aged 89 ± 2 d of age, all pigs had levels within normal limits, and there were no 
differences between treatment groups. Interestingly, postnatally CD piglets had higher (P < 0.05) 
numbers of erythrocytes, hemoglobin concentration, and hematocrit compared with postnatally 
CS piglets, which is in contrast to older literature. This effect was still present at 89 ± 2 d for 
erythrocyte count and hematocrit. These findings support the hypothesis that provision of a CS 
diet during the nursery and grower phases may be partially reversed after exposure to a perinatal 
choline deficiency. Taken together, maternal and early-postnatal choline intake have both short- 
and long-term impacts on overall health status and growth performance of domestic pigs. 
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INTRODUCTION 
Choline has long been recognized as an essential nutrient in swine production; however, 
the vast majority of research investigating the impacts of dietary choline on pig health and 
economic performance is well over 30 years old, and does not evaluate recovery from a perinatal 
choline deficient state (Johnson and James, 1948; Johnson et al., 1950; Kornegay and Meacham, 
1973; Luce et al., 1985; Nesheim and Johnson, 1950; Stockland and Blaylock, 1974). Instead, 
the focus of this fundamental research is to improve pig performance in terms of economic 
measures (e.g., growth performance, litter size, etc.). Interestingly, the remaining unanswered 
questions with regard to perinatal choline status and long-term health are being revisited in terms 
of human nutrition research, especially regarding effects on overall health and 
neurodevelopment. 
Choline deficiency during the prenatal period is especially important in terms of human 
health and nutrition. Numerous studies in rodents suggest that prenatal choline deficiency results 
in impaired neurodevelopment and cognitive function later in life (Meck et al., 1988; Meck and 
Williams, 1997; Montoya et al., 2000; Pyapali et al., 1998). However, there have been no well-
controlled studies to evaluate how maternal choline deficiency impacts the fetus; all have been 
epidemiological or dietary choline supplementation studies (Boeke et al., 2013; Villamor et al., 
2012; Yan et al., 2013; Yan et al., 2012).  
The pig is an ideal model to study the impacts of dietary choline status on metabolism 
and overall health due to striking similarities in gastrointestinal physiology and nutritional 
requirements (Moughan et al., 1992), especially in terms of choline nutrition (Getty and Dilger, 
2015). As such, our hypothesis is that provision of a choline sufficient diet during the nursery 
and grower phases will reverse some, but not all, of the effects due to perinatal choline 
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deficiency. We have previously described the negative impacts of perinatal choline deficiency on 
the neonate (Getty and Dilger, 2015; Mudd et al., 2015) and now aim to study the impacts of 
perinatal choline deficiency in the growing pig.  
 
MATERIALS AND METHODS 
Ethics Statement 
All animal care and experimental procedures were in accordance with the Guide for the 
Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use 
Committee of the University of Illinois (Protocols 10125 and 13313). 
Animals and Housing 
Twelve multiparous Yorkshire sows (University of Illinois Imported Swine Research 
Laboratory herd) were housed in standard gestation and farrowing crates for the duration of this 
experiment. Beginning on d 50 of the 114 d gestation period, sows were assigned to one of two 
experimental diets (prenatal intervention) containing either a sufficient (CS, n = 6 sows) or 
deficient (CD, n = 6 sows) dietary concentration of choline. This feeding period was chosen 
because it: 1) minimizes the risk of fetal loss due to choline deficiency (Stockland and Blaylock, 
1974), 2) encompasses the gestational period most relevant to brain development (Dobbing and 
Sands, 1979), and 3) matches numerous rodent studies evaluating choline status and 
hippocampal development (Meck et al., 1989; Meck and Williams, 1997; Pyapali et al., 1998). 
Three replicates of this experiment were performed. Sows were fed once each day (0700) to 
maintain body condition and were allowed ad libitum access to water throughout the experiment. 
On d 94 of gestation, sows were provided a prophylactic antibiotic (BMD 60, Alpharma, 
122 
 
Bridgewater, NJ) in the diet according to manufacturer specifications to prevent Clostridium 
perfringens diarrhea in piglets. Experimental gestation diets were provided until piglets were 
removed from the sow, roughly 48 h after farrowing. 
A total of 66 piglets (n = 16-17 piglets per treatment group, with 8 female and 8-9 intact 
male piglets per group) were assigned to one of two custom milk replacer formulations (postnatal 
intervention): CD or CS. Between the prenatal (i.e., sow gestation diets) and postnatal (i.e., piglet 
milk replacers) treatments, this study employed a total of 4 treatment groups: CS/CS, prenatal 
and postnatal choline sufficient; CS/CD, prenatal choline sufficient and postnatal choline 
deficient; CD/CS, prenatal choline deficient and postnatal choline sufficient; and CD/CD, 
prenatal and postnatal choline deficient. Piglets were assigned to treatment groups by evenly 
distributing genetics, sex, and weight at the time of allotment. Starting piglet weights for each 
treatment group were as follows: CS/CS, 1.55 ± 0.07 kg; CS/CD, 1.55 ± 0.06 kg; CD/CS, 1.50 ± 
0.06 kg; CD/CD, 1.50 ± 0.07 kg. 
Piglets were moved to the artificial rearing system at 48 h of age, which allowed all 
piglets to receive colostrum, and immediately provided postnatal experimental treatments. The 
artificial rearing system has been described in detail elsewhere (Getty and Dilger, 2015; Mudd et 
al., 2015). Climate was maintained between 23-31°C using a combination of heat lamps and 
electric heat mats, and a 12 h-light/12 h-dark cycle was maintained with light from 0600 to 1800. 
Piglets were provided ad libitum access to water.  
If piglets developed diarrhea, they were placed on an electrolyte solution (BlueLite, 
TechMix, LLC., Stewart, MN), and if the diarrhea did not resolve within 48 h, piglets received a 
single dose of ceftiofur (5.0 mg ceftiofur equivalent/kg of body weight i.m [Excede, Zoetis, 
Florham Park, NJ]). If fluid loss continued after treatment, piglets then received a single dose of 
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sulfamethoxazole and trimethoprim oral suspension (50mg/8mg per mL, Hi-Tech Pharmacal, 
Amityville, NY) for 3 consecutive days. All pigs had formed stool and were gaining weight 
appropriately by no later than 21 d of age. 
At 28 d of age, half of the piglets (8 piglets per treatment group, with 4 female and 4 
intact male piglets per treatment group) were transferred to floor pens and provided standard 
University of Illinois phased production diets. Pigs were individually housed in floor pens 
measuring 2.36 m deep x 1.37 m wide; flooring in the front half of the pen was solid concrete, 
and flooring in the back half of the pen consisted of concrete slats covered with Tenderfoot© 
flooring. As the pigs were individually-housed, supplemental heat was provided by heat lamp 
through approximately 8 weeks of age. 
 
Dietary Treatments 
 Corn and soy protein isolate-based gestation diets were formulated to meet requirements 
for all nutrients of gestating sows, except choline (Table 5.1, NRC, 2012). Powdered soy-based 
milk replacer formulas (Test Diet, St. Louis, MO) were formulated to meet all nutrient 
requirements, except choline, for the neonatal pig (Table 5.2, NRC, 2012). The primary protein 
source was a food-grade, dispersible soy protein isolate (Ardex F, Archer Daniels Midland 
Company, Decatur, IL). Upon arrival to the animal care facility at approximately postnatal day 
(PD) 2, piglets received a CS or CD diet as previously described (Mudd et al., 2015). At 28 d of 
age, half of the piglets were provided a standard series of corn-soybean meal-based CS nursery 
and grower diets. 
 
Blood and Tissue Collection 
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At 4 or 12 weeks of age, piglets were anesthetized using a telazol:ketamine:xylazine 
solution (50.0 mg of tiletamine plus 50.0 mg of zolazepam reconstituted with 2.50 mL ketamine 
[100 g/L] and 2.50 mL xylazine [100 g/L]; Zoetis, Florham Park, NJ). The anesthetic 
combination was administered i.m. at 0.03 mL/kg body weight. After verifying anesthetic 
induction, piglets were euthanized via intracardiac administration of sodium pentobarbital (86.0 
mg/kg of body weight; Fatal Plus; Vortech Pharmaceuticals, Dearborn, MI). Immediately 
following determination of death, trunk blood was collected for plasma (both lithium heparinized 
and EDTA blood were collected) and serum. Blood samples were submitted fresh to the College 
of Veterinary Medicine for analysis or stored (serum and plasma) at -80°C until analysis. 
 
Laboratory Analyses 
Dietary Treatments 
 Sow gestation diets and milk replacers were analyzed for dry matter (AOAC, 934.01), 
organic matter and ash (AOAC, 942.05), amino acids (AOAC, 982.30), crude fat (by ether 
extract, AOAC, 920.39), and crude protein (by combustion analysis of total nitrogen; Leco 
Corp., St. Joseph, MI; assumed a correction factor of 6.25, AOAC, 990.03) by the University of 
Missouri Agricultural Experiment Station Chemical Laboratories. Diet samples were also 
analyzed for gross energy by adiabatic bomb calorimetry (Parr Instruments, Moline, IL). 
Additionally, all experimental diets were analyzed for folic acid (AOAC, 1990) and choline 
(AOAC. 999.14) by an external laboratory (Eurofins US, Des Moines, IA). All dietary analytical 
information can be found in Table 5.3. 
 
Blood Chemistry and Complete Blood Count  
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Whole blood (heparinized and EDTA) from euthanized piglets was submitted to the 
University of Illinois College of Veterinary Medicine Animal Diagnostic Laboratory for blood 
chemistry analysis using a Hitachi 917 analyzer and Roche diagnostic reagents (Roche 
Diagnostics USA, Indianapolis, IN), which included: creatinine, blood urea nitrogen (BUN), 
total protein, albumin, calcium, phosphorus, sodium, potassium, chloride, glucose, alkaline 
phosphatase (ALP), aspartate aminotransferase (AST), gamma-glutamyltransferase (GGT), total 
bilirubin, creatine kinase, cholesterol, CO2, glutamate dehydrogenase (GLDH), and magnesium. 
A complete blood count with differential was also performed by trained staff using a 
combination of automated and manual procedures.   
 
Growth Performance 
 Individual pig and feeder weights were recorded weekly to allow for calculation of ADG, 
ADFI, and feed efficiency (G:F). Performance data are reported for each week by days of age 
(e.g., 28 to 35 d). 
 
Statistical Analysis 
 Data analysis was conducted using the MIXED procedure of SAS (SAS Inst. Inc., Cary, 
NC). Growth performance data were analyzed as a 3-way repeated measures ANOVA (prenatal 
choline status, postnatal choline status, and week as the repeated measure), with farrowing group 
and sex included as random variables. All other data were analyzed as a 2-way ANOVA with 
main effects of prenatal choline status and postnatal choline status, with farrowing group and sex 
included as random variables. Significance was accepted at P < 0.05, with trends denoted at 0.05 
< P < 0.10. Data are presented as least square means ± SEM. 
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RESULTS 
Sow Performance Measures 
All sows carried their pregnancy to term, and there were no differences in litter size (CS, 
12.0 ± 1.1 piglets; CD, 13.2 ± 1.3 piglets; P = 0.50), piglet birth weights (CS, 1.4 ± 0.1 kg; CD, 
1.3 ± 0.1 kg; P = 0.28), or the number of piglets that were born dead (CS, 1.3 ± 0.6 piglets; CD, 
0.5 ± 0.7 piglets; P = 0.42) between CS and CD sows (data not shown).  
 
Growth Performance 
Body weight gain was typical for piglets raised in an artificial rearing system (Dilger and 
Johnson, 2010; Elmore et al., 2012; Getty and Dilger, 2015; Mudd et al., 2015; Rytych et al., 
2012), with mean body weights of: CS/CS, 5.14 ± 0.28 kg; CS/CD, 4.69 ± 0.28 kg; CD/CS, 4.99 
± 0.28 kg; and CD/CD, 5.03 ± 0.28 kg at the time of transfer to solid diets (Table 5.4). There 
were no differences in piglet performance until 57 – 63 d of age, at which point a main effect of 
postnatal choline status was observed for ADG where postnatally CD piglets had lower (P = 
0.029) ADG than postnatally CS piglets. This effect was inversely related to ADFI, but there 
were no treatment effects observed for G:F. At 71 – 77 d of age, an interaction (P = 0.004) 
between pre- and postnatal choline status was observed for ADG, where CS/CS piglets grew 
faster than CD/CD piglets, but were not different from CS/CD or CD/CS piglets. Additionally, 
CS/CD piglets grew faster than CD/CS and CD/CD piglets, and CD/CD piglets were not 
different from CD/CS piglets. 
 
Health Parameters 
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Complete Blood Count 
 Perinatal choline deficiency had long-term impacts on hematology measures (Table 5.5). 
At 28 (± 2) d of age, a main effect of postnatal choline status was observed for RBC parameters 
where prenatally CD piglets had a higher RBC count (P = 0.042), hemoglobin concentration (P = 
0.005), and hematocrit (P = 0.006) than prenatally CS piglets. At 87 d of age, a main effect of 
postnatal choline status remained for RBC count and hematocrit, where prenatally CD piglets 
had higher (P = 0.044, P = 0.039, respectively) values than prenatally CS piglets. Additionally, a 
main effect of prenatal choline status was observed for MCV, where prenatally CD pigs had 
higher (P = 0.006) volumes than prenatally CS pigs at 87 d of age. 
 
Blood Chemistry Analysis  
 Perinatal choline status elicited pronounced effects on blood chemistry profiles of young 
pigs (Table 5.6). Most notably, postnatal choline deficiency results in elevated markers of liver 
damage in the plasma. Specifically, a main effect of postnatal choline status was observed for 
liver enzymes in 28 (± 2) d piglets, where postnatally CD pigs had higher levels of ALP (P = 
0.001), AST (P = 0.031), and GGT (P = 0.050) than postnatally CS piglets. Additionally, there 
was a main effect of postnatal choline status on cholesterol concentration, where postnatally CD 
piglets had lower (P < 0.001) cholesterol than postnatally CS 28 (± 2) d old piglets. In 87-d-old 
piglets, most of the markers of liver damage had resolved, with the exception of cholesterol. A 
trend was observed where postnatally CD pigs tended to have lower (P = 0.090) cholesterol than 
postnatally CS pigs.  
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Brain Weight 
 Brain weight was affected by perinatal choline status and provision of a choline-sufficient 
diet during the late postnatal period (Fig. 5.1). A main effect of prenatal choline status on brain 
weight was observed in 30-d-old piglets where prenatally CD piglets had smaller (P = 0.006) 
brains than prenatally CS piglets. In 87-d-old piglets, this effect was no longer present, and there 
were no effects of postnatal choline status or an interaction between pre- and postnatal choline 
statuses. 
 
DISCUSSION 
 This study investigated the effects of perinatal choline deficiency on overall health and 
growth performance of growing pigs. To our knowledge, there have been no studies conducted 
that evaluate recovery from perinatal choline deficiency in terms of overall health and early-life 
growth performance. Overall, we observed that although many effects of perinatal choline 
deficiency were ameliorated by provision of choline sufficient diets during pre-adolescence, not 
all effects were corrected by 87 d of age. As such, two main findings were observed: 1) effects of 
postnatal choline deficiency on liver health were mostly corrected by 87 d of age, but 2) perinatal 
choline deficiency did exhibit long-term impacts on growth performance in growing pigs. 
Supplemental choline during the grower phase reverses some effects of postnatal choline 
deficiency 
  We previously reported that early postnatal choline deficiency has negative impacts on 
liver health as evidenced by elevated liver enzymes (Getty and Dilger, 2015); data observed in 
the current study replicate those findings. Although many of the effects of postnatal choline 
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deficiency on liver health markers were reversed following provision of CS diets for several 
weeks, not all of these effects were abrogated. Cholesterol tended to remain lower in postnatally 
CD pigs and GLDH tended to remain higher in postnatally CD pigs. This may indicate that the 
liver was still in the process of repair, and it is possible that choline deficiency-induced effects 
may be completely reversed with more time. The lifespan of hepatocytes in rodents is 200 – 400 
days (Magami et al., 2002), so it is entirely possible that 60 d is not enough time to allow for 
complete liver recovery in pigs. It may also be possible that dietary choline was being directed to 
more important organs, such as the brain, in order to facilitate compensation for the delayed 
development. 
 In addition to recovery from postnatal choline deficiency by the liver, the brain seems to 
recover from prenatal choline deficiency over time. Piglets born to sows fed a CD gestation diet 
had smaller brains at 4 weeks of age than their prenatally CS counterparts. However, this effect 
was no longer present at 12 weeks of age. The finding that overall brain size appears to recover 
in a relatively short time span supports the possibility that dietary choline is being diverted to the 
brain to facilitate proper neurodevelopment.  
Few studies have reported the effects of perinatal choline deficiency on brain size (Getty 
and Dilger, 2015; Jose et al., 1970; Mudd et al., 2015). To our knowledge, none have reported 
brain weights in older juvenile animals exposed to early-life choline deficiency. Thus, the 
finding that piglets are able to recover from prenatal choline deficiency in terms of brain is 
novel, and warrants further exploration.  
Perinatal choline availability influences growth performance of growing pigs 
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In addition to the widely demonstrated impact of perinatal choline deficiency on 
neurodevelopment and function (Getty and Dilger, 2015; Jones et al., 1999; Meck et al., 1989, 
1988; Meck and Williams, 1999, 1997; Mudd et al., 2015; Pyapali et al., 1998), it is very likely 
that perinatal choline deficiency will have long-term impacts on other facets of an animal’s 
physiology. Indeed, it is now widely accepted that maternal nutrition status may program 
performance in the offspring well into adulthood. The Developmental Origins of Health and 
Disease (DOHaD) concept is the theory that during the perinatal period, maternal and 
environmental factors program growth and development of the offspring that will have long-term 
impacts on health and disease risk (dohad2015.org). Additionally, it has been shown that 
maternal nutrient restriction during pregnancy results in altered metabolism of offspring for 
several generations (Heijmans et al., 2008; Schulz, 2010; Stein et al., 1995). 
The present study demonstrates that perinatal choline deficiency (through 4 weeks of age) 
impacts growth performance, but not until 8 – 9 weeks of age. During the 8th and 11th weeks of 
life, piglets farrowed by prenatally choline-sufficient sows grew faster than their prenatally CD 
counterparts, even though there were no differences in body weight at the time of transfer to 
standard swine production diets. By 12 weeks of age, an interaction between pre- and postnatal 
choline status was observed, where all treatment groups were similar except for the CD/CS 
treatment group. These alterations in growth performance suggest that pigs exposed to postnatal 
choline deficiency may be more efficient in utilizing dietary choline in order to gain weight, but 
may be sensitive to excess dietary choline. Importantly, the present experiment was designed to 
simultaneously eliminate and also incorporate the impacts of sex on growth performance. While 
this study focused on gilts and boars, evaluation of perinatal choline status on barrows may be of 
importance to producers. 
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Overall, the present study reveals that perinatal choline status has long-term effects on 
piglet growth, but negative health effects of perinatal choline deficiency may be reversed by 
provision of CS diets during the nursery and grower phases. Although current swine production 
diets are formulated to provide sufficient levels of choline, this research reveals that minor 
formulation errors which result in gestational choline deficiency could have long-term effects in 
terms of growth performance and overall economic efficiency of the resulting piglets. Future 
studies should aim to evaluate the impacts of perinatal choline deficiency through adulthood, in 
terms of overall health, growth performance, and reproductive efficiency.
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Table 5.1 Composition of experimental gestation basal diet (choline-
deficient)1 
Ingredient g/kg 
Ground corn 785.0 
Molassed dried sugar beet pulp 70.0 
Soy protein isolate2 60.0 
Cornstarch 42.7 
Dicalcium phosphate 20.0 
Corn oil 10.0 
Limestone 7.5 
Vitamin and mineral premix3 3.0 
DL-Met 1.5 
L-Trp 0.3 
1Experimental choline sufficient diet was produced by replacing 3.0 g 
of cornstarch per kg of final diet with choline chloride (containing 
60% choline). Choline deficient and sufficient gestation diets were 
analyzed to contain 625 and 1,306 g of choline per kg diet, 
respectively. 
2Ardex F, Archer Daniels Midland, Decatur, IL. 
3Provided per kg of complete diet: Ca, 0.6 mg (CaCO3); P, 298.8 mg ; 
Mg, 1.8 mg; K, 2.4 mg; Na, 0.3 mg; S, 172.2 mg; Zn, 125.1 mg; Fe, 
129.1 mg (FeSO4); Mn, 60.3 mg (MnSO4); Cu, 10.2 mg (CuCl2, 
CuSO4); I, 1.3 mg; Se, 0.3 mg (Na2SeO3); Cl, 2.1 mg; Vit A, 11.1 
kIU; Vit D, 2.2 kIU; Vit E, 66.1 kIU; Vit K, 1.4 mg (menadione 
dimethylpyrimidinol bisulfite); thiamin, 0.2 mg (thiamine 
mononitrate); riboflavin, 6.6 mg; niacin, 44.1 mg; pantothenic acid, 
23.5 mg (D-calcium pantothenate); pyridoxine, 0.2 mg (pyridoxine-
HCl); biotin, 0.4 mg; folacin, 1.6 mg; Vit B12, 0.03 mg. 
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Table 5.2 Composition of experimental milk replacer formulation (choline 
deficient)1 
Ingredient g/kg 
Lactose 408.7 
Dried fat 7/602 244.8 
Soy protein isolate3 202.5 
L-Lys HCl  30.0 
Dicalcium phosphate 20.0 
Calcium carbonate 19.8 
Potassium citrate, tribasic monohydrate 18.8 
L-Leu 13.6 
Vitamin and mineral premix4 11.8 
Salt 11.3 
Potassium sorbate 10.0 
Xanthan Gum 2.3 
L-Cys 2.0 
DL-Met 1.5 
L-Thr 1.3 
Powdered cellulose5 0.9 
L-Ile 0.3 
Calcium chloride 0.2 
L-Val 0.2 
1Experimental choline sufficient milk replacer was produced by replacing 2.0 
g lactose and 0.22g CaCl2 with choline chloride (containing 70% choline).. 
Choline deficient and sufficient milk replacer formulations were analyzed to 
contain 477 and 1,528 g of choline per kg diet, respectively. 
27-60 Ultimate Dairy Fat Blend, Milk Specialties Global, Eden Prairie, MN. 
3Ardex F, Archer Daniels Midland, Decatur, IL. 
4Provided per kg of complete diet: Cu, 23.5 mg (CuSO4); Zn, 257.2 mg 
(ZnSO4); Se, 1.0 mg (Na2SeO3); Mg, 2.88 g (MgCO3); NaPO4, 5.2 g; 
menadione, 5.1 mg; Vit C, 51.0 mg; Vit A, 47.0 mg; Vit D, 918.6 mg; Vit E, 
673.6 mg; thiamin, 29.6 mg (10%); riboflavin, 102.1 mg; niacin, 62.3 mg 
(98%); biotin, 316.4 mg; Ca-pantothenate, 188.8 mg; pyridoxine, 306.2 mg; 
folate, 47.0 mg; Vit B12, 170.4 mg.   
5Solka Floc, International Fiber Corporation, North Tonawanda, NY. 
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Table 5.3 Analyzed composition of sow gestation diets and piglet milk replacer 
treatments1 
 Sow Gestation Diets Piglet Milk Replacers 
Item CD CS CD CS 
Dry matter, % 90.68 90.61 97.51 98.03 
 g/kg DM 
Organic matter 96.03 95.56 91.00 91.09 
Crude protein 13.67 13.71 22.92 24.83 
Crude fat 3.21 2.69 14.76 15.12 
Gross energy, kcal/g 4.89 4.83 4.91 4.87 
Choline, mg/kg 438 1,214 519 1,591 
Folic acid, mg/kg 1.32 2.03 1.23 1.26 
Amino acids     
Arg 0.77 0.75 1.40 1.41 
Cys  0.22 0.23 0.42 0.41 
Iso 0.54 0.54 0.99 1.00 
Leu 1.39 1.42 1.75 1.71 
Lys 0.64 0.64 3.84 2.97 
Met 0.41 0.42 0.36 0.41 
Phe 0.67 0.66 1.06 1.05 
Thr 0.45 0.46 0.74 0.71 
Trp  0.17 0.15 0.32 0.32 
Val 0.71 0.70 1.07 1.10 
1Experimental diets were formulated to meet or exceed requirements for sows and 
piglets (NRC, 2012). CD, choline deficient; CS, choline sufficient 
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Table 5.4.  Effects of perinatal choline status on growth performance of piglets aged 4 to 12 weeks1  
  Prenatal/Postnatal Treatment   P-value2 
Item CS/CS CS/CD CD/CS CD/CD Pooled SEM Pre Post 
Pre x 
Post 
BW, kg         
   Initial (28 d) 5.22 4.77 5.04 5.08 1.04 0.941 0.812 0.986 
   Final (84 d) 39.42b 40.45b 36.91a 39.55b 1.04 0.049 0.029 0.023 
         
28 to 35 d         
   ADFI, g/d 452 433 317 393 89.5 0.222 0.692 0.528 
   ADG, g/d 333 330 260 313 43.2 0.254 0.519 0.521 
   G:F, g/kg 771 809 790 764 48.1 0.730 0.882 0.839 
36 to 42 d         
   ADFI, g/d 816 834 734 798 85.4 0.400 0.550 0.755 
   ADG, g/d 462 450 389 453 43.2 0.368 0.506 0.534 
   G:F, g/kg 569 550 510 558  0.485 0.682 0.672 
43 to 49 d          
   ADFI, g/d 919 972 841 1,066 85.4 0.904 0.044 0.129 
   ADG, g/d 556 541 463 541 43.2 0.191 0.506 0.276 
   G:F, g/kg 644 574 582 527 48.1 0.133 0.084 0.152 
50 to 56 d         
   ADFI, g/d 1,146 1,183 1,051 1,123 85.4 0.260 0.426 0.578 
   ADG, g/d 645 688 643 686 43.2 0.973 0.274 0.752 
   G:F, g/kg 566 592 612 614 48.1 0.349 0.708 0.769 
57 to 63 d         
   ADFI, g/d 1,264 1,397 1,213 1,409 85.4 0.779 0.017 0.110 
   ADG, g/d 714 802 677 761 43.2 0.324 0.029 0.126 
   G:F, g/kg 566 581 567 544 48.1 0.624 0.916 0.914 
64 to 70 d         
   ADFI, g/d 1,370 1,450 1,447 1,513 85.4 0.311 0.286 0.535 
   ADG, g/d 666 688 699 665 43.2 0.901 0.873 0.910 
   G:F, g/kg 513 503 528 447 48.1 0.565 0.206 0.403 
71 to 77 d         
   ADFI, g/d 1,441 1,416 1,332 1,400 85.4 0.362 0.750 0.704 
   ADG, g/d 833bc 848c 734ab 672a 43.2 0.001 0.549 0.004 
   G:F, g/kg 576 607 557 489 48.1 0.060 0.606 0.131 
78 to 84 d         
   ADFI, g/d 1,584ab 1,715b 1,468a 1,689b 85.4 0.304 0.011 0.046 
   ADG, g/d 746 764 706 817 43.2 0.881 0.101 0.249 
   G:F, g/kg 467 440 487 491 48.1 0.331 0.757 0.744 
abcMeans within a row and without a common superscript differ (P < 0.05). 
1Values are means of 8 replicate pigs exposed to prenatal and postnatal choline treatments (e.g., CS/CS as the 
control group) with pig and feeder weights collected weekly from 28 – 84 d of age.  
2Pre, main effect of prenatal choline status; Post, main effect of postnatal choline status; Pre x Post, interactive 
effect of prenatal and postnatal choline statuses. 
Abbreviations: ADFI, average daily feed intake; ADG, average daily gain; BW, body weight; CD, choline 
deficient; CS, choline sufficient; G:F, gain:feed, efficiency 
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Table 5.5. Effects of perinatal choline status on complete blood count values in 4-wk-old piglets1 
 Prenatal/Postnatal Treatment  P – Value2 
Item CS/CS CS/CD CD/CS CD/CD Pooled SEM Pre Post 
Pre x 
Post 
 -------------------------30 d piglets------------------------- 
n 7 9 9 8     
WBC 3159.1 4089.6 3263.6 3921.8 864.7 0.945 0.088 0.764 
   Neutrophils 980.8 1404.8 843.5 1338.4 253.2 0.668 0.061 0.881 
   Lymphocytes 1996.9 2546.4 2281.2 2381.3 750.2 0.868 0.365 0.529 
   Monocytes 161.5 121.1 110.7 146.9 43.0 0.756 0.959 0.345 
   Eosinophils 11.1 8.4 1.9 2.6 6.7 0.097 0.819 0.706 
   Basophils 10.8 24.4 8.7 29.9 10.9 0.858 0.075 0.689 
RBC 4.84 5.00 4.71 5.05 0.16 0.747 0.042 0.465 
Hemoglobin 7.91 8.31 7.80 8.43 0.36 0.966 0.005 0.505 
Hematocrit 25.70 26.91 25.20 27.13 1.03 0.793 0.006 0.504 
MCV 53.12 53.69 53.63 53.84 1.00 0.691 0.636 0.819 
MCH 16.35 16.59 16.61 16.69 0.38 0.488 0.545 0.770 
MCHC 30.78 30.85 30.93 31.04 0.33 0.261 0.557 0.889 
Platelets 3.73 3.57 3.32 4.75 0.92 0.258 0.063 0.023 
 -------------------------87 d piglets------------------------- 
n 8 8 8 8     
WBC 10477 10765 8803 8759 1550.8 0.246 0.938 0.916 
   Neutrophils 3373.8 3949.8 2347.8 2377.7 1344.1 0.282 0.794 0.814 
   Lymphocytes 6652.9 6349.6 6320.0 5801.5 1099.8 0.650 0.663 0.909 
   Monocytes 406.34 468.81 87.71 536.27 106.18 0.246 0.024 0.080 
   Eosinophils 46.50 32.10 34.70 25.51 23.28 0.696 0.617 0.912 
   Basophils 71.25 37.95 54.10 38.18 46.45 0.801 0.465 0.795 
RBC 5.69 5.80 5.33 5.91 0.18 0.441 0.044 0.155 
Hemoglobin 9.93 10.05 9.63 10.52 0.28 0.764 0.073 0.175 
Hematocrit 31.25 31.59 30.05 33.16 1.51 0.825 0.039 0.092 
MCV 54.50 54.24 56.47 56.26 1.29 0.006 0.707 0.968 
MCH 17.52 17.44 18.03 17.83 0.27 0.066 0.551 0.786 
MCHC 32.13 32.10 32.02 31.75 0.93 0.219 0.375 0.499 
Platelets 3.69 3.12 2.93 3.95 0.57 0.929 0.591 0.062 
1Values are means of 7 – 9 replicate pigs exposed to prenatal and postnatal choline treatments (e.g., 
CS/CS as the control group) with blood collected at either 30 d of age or 87 ± 2 d of age. One piglet 
in the 30 d of age CS/CS treatment group was not included due to clotting of the sample. 
2Pre, main effect of prenatal choline status; Post, main effect of postnatal choline status; Pre x Post, 
interactive effect of prenatal and postnatal choline statuses. 
Abbreviations: CD, choline deficient; CS, choline sufficient; MCH, mean corpuscular hemoglobin; 
MCHC, mean corpuscular hemoglobin concentration; MCV, mean cell volume; RBC, red blood 
cell; WBC, white blood cell. 
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Table 5.6. Effects of perinatal choline status on clinical plasma chemistry values in 4-wk-old piglets1 
 Prenatal/Postnatal Treatment  P – Value2 
Item CS/CS CS/CD CD/CS CD/CD Pooled SEM Pre Post 
Pre x 
Post 
 -------------------------30 d piglets------------------------- 
n 8 9 9 8     
Albumin  2.45 2.54 2.48 2.74 0.07 0.140 0.021 0.264 
ALP 299.96 373.58 257.07 298.87 21.41 0.001 0.001 0.328 
AST 35.92 47.01 44.55 58.03 6.33 0.080 0.031 0.826 
Bicarbonate 25.13a 27.52b 26.91b 26.45ab 1.23 0.519 0.087 0.014 
BUN 10.70 9.81 10.32 9.52 2.42 0.694 0.320 0.963 
Calcium 9.94 10.07 10.04 10.11 0.19 0.575 0.472 0.821 
Chloride 104.26 103.31 103.45 103.92 0.78 0.847 0.630 0.164 
Cholesterol 69.61 56.68 69.29 60.31 3.90 0.527 <0.001 0.450 
Creatine Kinase 1093.38 1426.93 1351.82 1953.25 279.9 0.124 0.069 0.593 
Creatinine 0.63 0.61 0.59 0.57 0.04 0.147 0.450 0.904 
GGT 28.58 33.80 24.35 27.95 5.21 0.028 0.050 0.710 
GLDH 0.82 0.83 0.80 1.09 0.35 0.449 0.335 0.361 
Glucose 136.35 136.49 132.11 124.55 7.24 0.226 0.572 0.559 
Immunoglobulins 1.67 1.62 1.60 1.66 0.08 0.777 0.923 0.329 
Magnesium 1.84 1.85 1.88 1.86 0.17 0.510 0.969 0.690 
Phosphorus 9.34 8.97 8.91 8.72 0.62 0.127 0.202 0.658 
Potassium 5.05 5.05 5.24 5.14 0.25 0.339 0.724 0.711 
Sodium 137.85 137.67 137.35 136.86 0.79 0.232 0.536 0.773 
Total Bilirubin 0.19 0.17 0.24 0.25 0.03 0.016 0.783 0.634 
Total Protein 4.12 4.17 4.08 4.40 0.09 0.283 0.037 0.108 
 -------------------------87 d piglets------------------------- 
n 8 8 8 8     
Albumin 3.21 3.33 3.07 3.15 0.16 0.047 0.187 0.737 
ALP 146.07 157.45 133.05 144.55 21.46 0.135 0.163 0.994 
AST 42.25 51.00 47.75 37.88 10.40 0.717 0.957 0.379 
Bicarbonate 31.13 30.50 31.59 31.59 2.33 0.189 0.569 0.569 
BUN 8.16 8.29 7.65 9.65 1.50 0.610 0.189 0.244 
Calcium 10.35 10.26 10.17 10.09 0.23 0.250 0.568 0.965 
Chloride 101.99 102.74 101.33 103.20 0.74 0.877 0.043 0.369 
Cholesterol 79.39 76.02 76.68 69.31 6.97 0.138 0.090 0.518 
Creatine Kinase 3169.3 3662.0 3718.3 2300.8 1085.1 0.711 0.674 0.387 
Creatinine 1.04 1.14 0.99 1.03 0.08 0.109 0.118 0.469 
GGT 32.32 32.44 38.61 26.61 7.49 0.966 0.270 0.260 
GLDH 0.44 0.61 0.22 0.72 0.29 0.776 0.060 0.351 
Glucose 114.83 122.20 105.53 109.41 5.30 0.036 0.261 0.723 
Immunoglobulins 1.93 1.80 2.01 1.93 0.15 0.271 0.271 0.844 
Magnesium 1.84 1.79 1.83 1.81 0.08 0.876 0.439 0.796 
Phosphorus 7.95 7.74 8.21 8.05 0.41 0.328 0.494 0.927 
Potassium 5.15 5.21 5.48 5.02 0.31 0.766 0.396 0.267 
Sodium 140.80 141.30 141.65 141.52 0.99 0.368 0.741 0.582 
Total Bilirubin 0.13 0.14 0.18 0.14 0.02 0.265 0.573 0.265 
Total Protein 5.12 5.12 5.09 5.08 0.10 0.657 0.933 0.933 
abMeans within a row and without a common superscript differ (P < 0.05). 
1Values are means of 8 – 9 replicate pigs exposed to prenatal and postnatal choline treatments (e.g., CS/CS as the 
control group) with blood collected from pigs at either 30 d of age or 87 ± 2 d of age. 
2Pre, main effect of prenatal choline status; Post, main effect of postnatal choline status; Pre x Post, interactive 
effect of prenatal and postnatal choline statuses. 
Abbreviations: ALP, alkaline phosphatase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; GGT, 
gamma-glutamyl transferase; GLDH, glutamate dehydrogenase. 
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Figure 5.1. Effects of perinatal choline status on overall brain weight on piglets aged 4- and 
12-weeks. Brain weight was affected by perinatal choline status and provision of a choline-
sufficient diet during the late postnatal period. It should be noted that brain weight nearly 
doubles between 4- and 12-weeks of age A) Brain weights of 4-wk-old piglets born to dams 
exposed to either CD or CS gestation diets; B) brain weights of 12-wk-old piglets born to dams 
exposed to either CD or CS gestation diets. A main effect of prenatal choline status on brain 
weight was observed in 30 d piglets where prenatally CD piglets had smaller (P = 0.006) brains 
than prenatally CS piglets. In 87 d piglets, this effect was no longer present, and there were no 
effects of postnatal choline status or an interaction between pre- and postnatal choline statuses.  
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INTRODUCTION 
 Perinatal choline status in humans and pigs affects metabolism and neurodevelopment; 
however, current recommendations for dietary intake do not reflect recent research or modern 
genetics. A lack of complete data and current research needed to determine an accurate choline 
requirement is something that makes use of swine as a model difficult; however, it is one more 
thing that pigs and humans have in common. 
 Recent data from the 2007-2010 NHANES survey suggests that roughly 94% of adults in 
the United States are consuming choline below recommended levels (Fulgoni and Buckley, 
2015), which is an increase from 2003-2004, when roughly 90% of adults were consuming 
choline below recommended levels (Jensen, 2007). Many of the reports describing vitamin 
intakes do not include choline, which makes determining actual intakes in many countries 
difficult. However, based on those papers that do report choline intake, there has been an 
abundance of research which describes intake of choline worldwide (Table 6.1). Largely, this 
research reveals that intake of choline by women is well below the recommended levels; and 
suggests that more research is required to reveal the effects of marginal choline deficiency. 
In the pork industry, raising more efficient, leaner pigs has been the goal for many years. 
Indeed, in the past 60 years, time to market has decreased and finishing weights have increased, 
which can be observed as a near doubling in average daily gain in market hogs (Fig. 6.1). 
Additionally, in the National Research Council’s Nutrient Requirements for Swine, the largest 
weight category of finishing swine has increased from 80-120 kg to 100-135 kg between 1998 
and 2012, just 14 years.   
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 Choline deficiency during pregnancy in rodents and swine has been shown to have long-
term impacts on neurodevelopment (Jones et al., 1999; Meck et al., 1988; Meck and Williams, 
1997; Mudd et al., 2015; Pyapali et al., 1998). However, studies evaluating choline status and 
cognitive development in humans has been largely inconclusive (Boeke et al., 2013; Villamor et 
al., 2012). This may be due in part to the variable intake of choline by pregnant women and also 
due to the likelihood that the AI for choline is set too low. As such, it would be prudent to 
determine more accurate requirements for dietary choline in both humans and pigs. 
 
DETERMINATION OF CHOLINE REQUIREMENTS DURING REPRODUCTIVE 
YEARS AND PREGNANCY IN BOTH HUMANS AND SOWS 
Current method of AI determination in humans 
Currently, adequate intake (AI) levels are the best estimate for dietary choline 
requirements in humans, as there is not enough data to set even an estimated average requirement 
(EAR), much less a recommended daily allowance (RDA) (Institute of Medicine, 1998). The 
best current estimate of dietary choline requirement in adults (men, women, pregnant women) is 
based on a single study which evaluated  the dose of choline needed by men to prevent increased 
ALT in the blood (Zeisel et al., 1991). The choline requirement for women was extrapolated 
from that of men based on mg choline/kg body weight. In order to derive the requirement for 
pregnant women, the estimated choline use of the placenta and fetus was added to that of the 
requirement for women (Institute of Medicine, 1998). Because the mother excretes a large 
amount of choline in breast milk, in can be assumed that the choline requirement would be even 
further increased during lactation. This assumption has been shown to be correct in rodents, 
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where lactating rats are more sensitive to choline deficiency than those which are not lactating 
(Zeisel et al., 1995). 
Methods of requirement determination in pigs 
Although foundational research indicates that supplemental choline in corn-soybean 
based diets has little effect on performance of growing swine (Russett et al., 1979a), provision of 
supplemental choline improves conception rate and number of pigs born (Kornegay and 
Meacham, 1973; Luce et al., 1985; Stockland and Blaylock, 1974). Unfortunately, the studies 
from which the dietary choline requirements are based do not utilize more than 3 levels of 
dietary choline, and so conclusions are drawn from data with large gaps. Because the impact of 
supplemental choline is so variable in pigs, determining a more accurate choline requirement 
becomes an important step to utilize the pig as a translational model for humans. Currently, 
determination of accurate requirements in pigs is not viewed as a priority because supplemental 
dietary choline is so cost effective that it can be added easily to the diet to avoid any signs of 
deficiency.  
Importantly, effects of choline status on performance measures (i.e., growth and 
efficiency) in pigs are much less subtle than impacts on learning and memory observed in 
rodents. As such, it often requires overt nutrient deficiency in order to elicit these changes. 
Development of a more subtle method to determine the choline requirement of pigs could 
provide valuable insight into developing a method to evaluate the dietary choline requirement in 
humans. Interestingly, it is possible that determining an accurate dietary choline requirement for 
sows and lactating sows would allow a more accurate requirement for humans during lactation – 
choline content of the milk is very similar (Donovan et al., 1997; Holmes-McNary et al., 1996; 
Zeisel et al., 1986) 
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 In humans, individual dietary choline requirement is influenced by single nucleotide 
polymorphisms (SNPs) within the phosphatidylethanolamine-N-methyltransferase (PEMT) gene 
sequence. As discussed previously, PEMT is the enzyme that catalyzes de novo synthesis of 
phosphatidylcholine primarily in the liver. Single nucleotide polymorphisms are alterations in the 
nucleotide that occur in greater than 1% of the population and are inherited (Zeisel, 2011a).  
We would be remiss as a research community to continue using the pig, which is by no 
means a genetically homogenous laboratory species, as a model for choline deficiency without 
evaluating potential SNPs within the population. Additionally, if these SNPs can be identified in 
a breeding population, it would be useful to selectively breed for these genotypes, and utilize 
specific dams and offspring for more comprehensive studies of choline metabolism. 
In terms of genetics, SNPs play an integral role in choline metabolism; however, another 
important modifier is epigenetic modification. As an important player in single-carbon 
metabolism, choline has the potential to exert epigenetic effects on cognitive development, 
specifically DNA methylation. Epigenetics quite literally means ‘above’ genetics, and refers to 
heritable alterations in gene expression without changing the genome (base pairs) itself. One 
form of epigenetics involves DNA methylation, in which a methyl group (from S-adenosyl 
methionine (SAM)) is most commonly added to the 5’ position of cytosine residues, especially 
when the cytosine is followed by a guanine (McKay and Mathers, 2011). The methylation of 
DNA is achieved through a family of enzymes known as DNA methyltransferases (DNMT) 
(Hamilton, 2011). There are three DNMTs that play and important role: DNMT 1, which is 
responsible for maintenance of DNA methylation and DNMT 3a and 3b, which are responsible 
for de novo DNA methylation (McKay and Mathers, 2011). Dietary choline increases the 
amount of SAM in circulation and allows for increased DNA methylation (Zeisel, 2007). In 
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rodent studies, fetal brains derived from choline-deficient dams show inhibited cell proliferation 
in the hippocampus by hypomethylation (up-regulation) of a gene promoter known to inhibit 
neuronal proliferation (Zeisel, 2007). Importantly, it is not currently known whether epigenetic 
alterations correlate to human brain development and function. An animal model of valuable 
translational potential is desperately needed to make this connection. 
 
IMPACTS OF PRE-GESTATIONAL CHOLINE DEFICIENCY ON PIGLET GROWTH, 
DEVELOPMENT, AND EPIGENETICS 
 The data presented in this dissertation suggest that choline deficiency imposed during the 
last half of gestation may result in altered neurodevelopment and long-term metabolic changes in 
pigs. However, in the human population, choline deficiency is generally a pre-existing condition 
at the time of conception. As such, one next logical step is to evaluate the effects of pre-existing 
maternal choline deficiency on gestation, fetal development, and development through 
adulthood. 
 Previous investigations utilizing magnetic resonance imaging (MRI) technology have 
revealed that pre- and postnatal choline deficiency affect the brain in a differential manner 
(Mudd et al., 2015). Specifically, region of interest volumes suggested that sub-cortical regions 
are preserved in the face of maternal choline deficiency. Additionally, white matter development 
was negatively impacted by perinatal choline deficiency in the right hippocampus and 
cerebellum, as observed by alterations in diffusion tensor imaging results. Expression of NGF 
mRNA in the hippocampus of developing piglets provides more evidence supporting altered 
neurogenesis in prenatally CD piglets. These prenatally CD piglets exhibit elevated NGF mRNA 
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expression as compared to prenatally CS piglets, suggesting compensatory neurogenesis in 
prenatally CD piglets. 
 Overall, provision of CD gestation diets to sows for a prolonged period of time will likely 
result in impaired health status of sows and may result in more overt effects on 
neurodevelopment in the piglets. Many experiments may be performed to evaluate these effects. 
Perhaps some of the more logical and important experiments may be evaluation of health and 
reproductive performance of sows and histologic evaluation of neurodevelopment on a cellular 
level in the developing piglet brain.  
Overall health of sows during and following prolonged choline deficiency 
 Because choline deficiency is generally a pre-existing condition at the time of conception 
in humans, it follows that similar circumstances should be evaluated in sows. Ideally, sows 
would be exposed to choline deficient gestation diets for several weeks prior to breeding, and 
maintained on such a diet throughout gestation and lactation. Clinical blood chemical 
measurements may be obtained at regular intervals during the feeding experiment in order to 
determine the health impacts of such prolonged choline deficiency. Sows should then be 
evaluated during the next breeding period to assess reproductive efficiency following prolonged 
choline deficiency. 
BrdU Labelling 
Extending the period of choline deficiency in sows may have more overt consequences 
on neurodevelopment in piglets. Labeling with 5-bromo-2-deoxyuridine (BrdU) has been a 
useful technique to evaluate cellular proliferation (Jemaa et al., 2014; Sato et al., 2015; Wang et 
al., 2015).  Most importantly, BrdU is helpful for evaluation of neuronal proliferation in growing 
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animals. Cells which are co-labelled with BrdU and a neuronal marker (such as neuronal nuclei 
[NeuN]) may be quantified to give an accurate representation of neuronal proliferation during the 
early neonatal period. Fortunately, procedures for determining neuronal proliferation in neonatal 
piglets were previously optimized (Conrad et al., 2015). However, this study did not evaluate 
oligodendrocyte proliferation (required for white matter development) in growing piglets. This 
may be accomplished in future studies using an oligodendrocyte marker (such as neural/glial 
antigen 2 [NG2]) (Atkinson et al., 2005; Nishiyama et al., 1996). 
 Evaluation of neurogenesis using BrdU should be carried out over two time periods to 
evaluate the effects of pre- and postnatal choline deficiency on brain development. First, the sow 
should be injected with BrdU during pregnancy, and piglet brains examined at farrowing. 
Ideally, the injection would occur at roughly 75 d of gestation, in order to evaluate the brain 
growth spurt in utero. The second time period is designed to evaluate the postnatal period. 
Piglets should be injected with BrdU at the time of transfer to an artificial rearing system (to 
evaluate controlled choline deficiency), and brains evaluated at 4 weeks of age. The 4 week time 
point is chosen because a wealth of information regarding piglet brain development and 
cognition has been collected at this time point (Conrad et al., 2012a; Conrad et al., 2012b; 
Conrad et al., 2014; Dilger and Johnson, 2010; Elmore et al., 2014; Elmore et al., 2012; Liu et 
al., 2014; Mudd et al., 2015; Radlowski et al., 2014; Rytych et al., 2012), which makes it an ideal 
starting place for immuno-histologic evaluation of early postnatal choline deficiency. 
 
COGNITIVE ASSESSMENT AND NEURODEVELOPMENT IN PIGS FROM BIRTH 
TO SEXUAL MATURITY, GENERATION OF NORMATIVE DATA 
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 At present, little is known about the development of piglet brain as it matures. Normative 
brain region volumes have been obtained in pigs from 2 to 24 weeks of age (Conrad et al., 
2012a); however, these data only evaluate volumes of brain regions, and do not include magnetic 
resonance spectroscopy (MRS), diffusion tensor imaging (DTI), voxel-based morphometric 
analysis (VBM), or tract-based spatial statistics (TBSS). Normative values for MRS, VBM, and 
DTI have been obtained in artificially-reared piglets (Mudd et al., 2015; Radlowski et al., 2014); 
however TBSS data have not yet been evaluated. Perhaps most importantly, none of these data 
have been collected longitudinally from piglets (both male and female) which were naturally-
raised (sow-reared), and then transferred to traditional swine production diets, through at least 24 
weeks of age (adulthood). 
In order to facilitate MRI evaluation in larger pigs, development of several more pig 
brain atlases is required. At 4 weeks of age, the piglet brain is roughly 50% of its adult size 
(Conrad et al., 2012a), but is nearly complete (95%) by 22 weeks of age (based on 24-weeks-of-
age as 100%). The current piglet brain atlas (Conrad et al., 2014) is derived from scanning 
several artificially-reared piglets. Though this is an extremely useful and important resource, 
brain atlases derived from sow-reared pigs would be more informative from the perspective of 
comparison to normative data. As such, development of four more normative pig brain atlases 
should be developed to aid in evaluation of neurodevelopment during the juvenile period. These 
four atlas time points include: birth, 4 weeks of age, roughly 11 weeks (75% developed), and 24 
weeks (adult, harvest age) of age. 
In addition to further development of the pig brain atlas, development and optimization of 
cognitive tasks should be developed for sow-reared piglets throughout the juvenile period. There 
are many learning and memory tasks that pigs are amendable to and capable of performing 
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(Gieling et al., 2011a; Gieling et al., 2011b); however, not all tasks are suitable for pigs of all 
ages. For example, the T-maze is an excellent tool to evaluate the hippocampus in 4-wk-old pigs, 
but is likely too easy for older pigs (12-wk-old), as they appear to become bored with the task 
after only a few days based on anecdotal observations in our laboratory. Ideally, one task, which 
evaluates a brain region of interest, should be compatible with pigs of all ages of interest for a 
given study to allow for direct comparisons between age groups. 
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Table 6.1 Selected worldwide choline intake in adults1 
Country Mean Intake (mg/d) Population2 
Canada (Alberta) (Lewis et al., 2014) 347 PW 
China (Lu et al., 2015) 165 ALL 
China (Yu et al., 2014) 289 W 
Gambia (Dominguez-Salas et al., 2013) 158 CBA 
Greece (Detopoulou et al., 2008) 285 W 
India (Deb et al., 2013) 250 W 
Jamaica (Gossell-Williams et al., 2005) 279 PW 
New Zealand (Mygind et al., 2013) 316 CBA 
Saudi Arabia (Al-Daghri et al., 2012) 73 ALL 
South Africa (May et al., 2014) 271 CBA 
Taiwan (Chu et al., 2012) 265 CBA 
USA - Mexican Heritage (Lavery et al., 2014) 799 PW 
USA (Boeke et al., 2013; Villamor et al., 2012) 350 - 385 PW 
1In general, dietary choline intake by adults worldwide is well below what is recommended by 
the Institute of Medicine, and recent studies suggest that current AI’s for women are too low 
(Yan et al., 2014; Yan et al., 2013; Yan et al., 2012). 
2Abbreviations: ALL, entire population of given country; CBA, women of child-bearing age; 
PW, pregnant women; USA, United States of America; W, women 
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Figure 6.1 Changes in market hog performance from 1960 to 20151. Market weight has 
increased and time to market has decreased in the past 55 years. This translates to roughly a 
doubling in pig efficiency from birth to market; i.e., pig farming has become much more efficient 
over time, and as such, nutritional requirements have changed. However, recommended 
nutritional requirements for choline are based on swine nutrition experiments from ~40 years ago 
and research must be conducted to evaluate modern requirements. Abbreviations: ADG, average 
daily gain 
1(Candek-Potokar et al., 1999; Friend and Cunningham, 1964; Lammers et al., 2012; Puls et al., 
2014; Rehfeldt and Kuhn, 2006)
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THE INFLUENCE OF DIETARY CHOLINE STATUS  
ON LACTATION IN THE SOW
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INTRODUCTION 
Choline is an essential nutrient required for various biological functions such as 
neurodevelopment, synthesis of phospholipids, and for transport and metabolism of fats and 
simple carbohydrates (Zeisel, 2000a; Zeisel and Blusztajn, 1994). At birth, the piglet’s 
requirement for choline is at its highest, with its only source being sow’s milk (NRC, 2012). In 
addition to choline, sow’s milk provides all of the other essential nutrients required for proper 
growth and development of the young pig, with the exception of iron (NRC, 2012). 
Several studies have demonstrated the significance of sow’s milk composition on overall 
litter health and development and the influence of the sow’s diet on milk composition (Leonard 
et al., 2010; Tilton et al., 1999; Wheeler et al., 2001; Zhang et al., 2015). Additionally the 
choline content of sow’s milk has been previously described (Donovan et al., 1997); however, 
there is currently very little known regarding the effects dietary choline status on milk production 
and macronutrient composition of the milk of sows (Boyd et al., 1982). Potential negative 
outcomes of dietary choline deficiency on lactation performance are of interest in a swine 
production setting (Chapter 5), but perhaps more interesting are the potential impacts of dietary 
choline deficiency during lactation and the developmental impact on human infants. 
The pig is an ideal model to study dietary choline deficiency, particularly during the 
perinatal period, in humans (Getty and Dilger, 2015; Mudd, et al., 2015). Humans and pigs share 
many similarities in terms of anatomy, physiology, metabolism, and nutrient requirements 
(Moughan et al., 1992; Pond, 2001). As such the objectives of this study were to 1) characterize 
composition of sow’s milk from farrowing until weaning, 2) determine if milk production of 
sows is influenced by dietary choline intake, and 3) to determine if piglet growth is impacted by 
maternal choline intake. 
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MATERIALS AND METHODS 
Ethics Statement 
All animal care and experimental procedures were in accordance with the Guide for the 
Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use 
Committee of the University of Illinois (Protocol 13313). 
Animals and Housing 
Fourteen Yorkshire sows (University of Illinois Imported Swine Research Laboratory), 
bred to Yorkshire boars, of parity 1-3, were housed in standard gestation and farrowing crates for 
the duration of the experiment. Beginning on d 50 of gestation, sows were assigned to one of two 
experimental diets containing either a sufficient (CS) or deficient (CD) dietary concentration of 
choline. Two replicates of this experiment, using 3-4 CS and 3-4 CD sows each, were performed 
using consecutive farrowing groups. Sows were fed once each day (0700 h) during gestation and 
twice each day (0700 h and 1600 h) during lactation to maintain body condition and were 
allowed ad libitum access to water. Experimental gestation diets were provided until 48 h after 
farrowing. Sows were then provided experimental lactation diets through 19 d of lactation. Prior 
to provision of experimental diets (d 50 of gestation), 48 h after farrowing, and on days 8 and 19, 
blood was collected from sows via jugular venipuncture into heparinized and untreated tubes 
between 1300 and 1500 when post-prandial plasma choline concentrations had stabilized (Jakob 
et al., 1998). Blood was centrifuged at 1,300 x g for 10 min at 4°C and plasma and serum were 
stored at -80°C until analyzed. 
Experimental Diets 
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 Corn and soy protein isolate-based sow diets were formulated to meet requirements for 
all nutrients (NRC, 2012), except choline (Table A1). From d 50 of gestation through 48 h after 
farrowing, sows received either a CS diet (analyzed as 1,214 mg of choline/kg of DM) or a CD 
diet (analyzed as 438 mg of choline/kg of DM). On d 94 of gestation, a prophylactic antibiotic 
(BMD 60, Alpharma, Bridgewater, NJ) was added to sow diets according to manufacturer 
specifications to prevent Clostridium perfringens diarrhea in piglets. Sows remained on their 
assigned treatments, but were transitioned onto lactation diets 48 h after farrowing. Lactation 
diets were formulated to contain either 1,591 mg of choline/kg of DM (CS) or 517 mg of 
choline/kg of DM (CD), and BMD 60 was included in the feed.  
Weigh-Suckle-Weigh Procedure 
 Milk production of sows was assessed using the weigh-suckle-weigh procedure similar to 
that previously described (Monaco et al., 2005). Briefly, piglets were removed from the sow for 
approximately 1 h, and placed in an empty farrowing stall with access to water and supplemental 
heat. After 1 h, piglets were weighed as a litter, placed with the sow to suckle, and then removed 
immediately after nursing was completed and weighed again. Piglets were again separated from 
the sow for 1 h, and the process was repeated for 4 consecutive nursing cycles. Milk production 
was determined by subtracting initial litter weight from litter weight after suckling, and averaged 
over the 4 nursing cycles. Twenty-four hour milk production was calculated by multiplying the 
average hourly milk production by 24. The weigh-suckle-weigh procedure was conducted at 2, 7, 
and 18 d of lactation. 
Milk Collection 
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 To quantify the nutritional composition of sow’s milk, samples were collected at 3 time-
points during lactation. Colostrum was collected within 6 h of farrowing, and mature milk was 
collected at 7 and 18 d of lactation. Mature milk samples were composited from 3 d collection 
periods, i.e., d 6-8 and d 17-19, resulting in a total collection volume of ~250 mL per sow. To 
facilitate milk let-down, piglets were removed from the sow for 1 h, and placed in an empty 
farrowing stall with access to water and supplemental heat. After piglets had been removed for 1 
h, oxytocin was administered, and milk was collected manually into 50 mL conical tubes and 
stored at -20° C. Prior to analysis, milk was thawed and composited in order to provide a 
homogenous milk sample. 
Laboratory Analysis 
Dietary Treatments  
 Gestation and lactation diet samples were analyzed for dry matter (AOAC, 934.01), 
organic matter and ash (AOAC, 942.05), amino acids (AOAC, 982.30), crude fat (by ether 
extract, AOAC, 920.39), and crude protein (by combustion analysis of total nitrogen; Leco 
Corp., St. Joseph, MI; assumed a correction factor of 6.25, AOAC, 990.03) by the University of 
Missouri Agricultural Experiment Station Chemical Laboratories. Gestation diet samples were 
also analyzed for gross energy by adiabatic bomb calorimetry (Parr Instruments, Moline, IL). 
Additionally, gestation diets were analyzed for folic acid (AOAC, 1990) and choline (AOAC, 
999.14) by an external laboratory (Eurofins US, Des Moines, IA). All dietary analytical 
information can be found in Table A2.  
Sow Milk Composition 
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To evaluate the impact of dietary choline status on milk nutrient composition, milk 
samples were analyzed for choline content, amino acid profile, long-chain fatty acid profile, 
calcium, phosphorus, lactose, and proximate composition. Free choline was measured using a 
commercial kit (KA1662, Abnova, Taipei City, Taiwan) according to manufacturer instructions. 
Calcium and phosphorus concentrations were determined by atomic absorption spectroscopy 
(AOAC 968.08) and colorimetric assay (AOAC 931.01), respectively. Gross energy of milk was 
determined by adiabatic bomb calorimetry (Parr Instruments, Moline, IL). Sow milk samples 
were also analyzed for dry matter (AOAC, 934.01), organic matter and ash (AOAC, 942.05), 
amino acids (AOAC, 982.30), crude fat (by ether extract, AOAC, 920.39), crude protein (by 
combustion analysis of total nitrogen; Leco Corp., St. Joseph, MI; assumed a correction factor of 
6.25, AOAC, 990.03), and amino acids (AOAC, 982.30 E (a, b, c) by the University of Missouri 
Agricultural Experiment Station Chemical Laboratories. 
Statistical Analysis 
Data analysis was conducted using the MIXED procedure of SAS (SAS Inst. Inc., Cary, 
NC). Sow milk production and litter weight data were analyzed as a 2-way repeated measures 
ANOVA (dietary choline status with collection period as the repeated measure) with litter size 
included as a covariate and farrowing group included as a random effect. Sow milk composition 
data were analyzed as a 2-way repeated measures ANOVA (dietary choline status with collection 
period as the repeated measure) with farrowing group included as a random effect. Significance 
was accepted at P < 0.05, with trends denoted at 0.05 < P < 0.10. Data are presented as least square 
means ± SEM. Individual sow was considered the experimental unit.
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RESULTS 
Weigh-Suckle-Weigh and Piglet Growth 
 Sow milk production and piglet growth rate increased throughout lactation (Fig. A1). For 
all measures, a main effect of time was observed where milk production, daily piglet milk intake 
average litter weight, or average piglet weight increased (P < 0.001) throughout lactation. There 
were no effects of dietary choline status on any measure of milk production or piglet growth.  
Milk Composition 
Proximate Analysis 
 Macronutrient and mineral composition of sow’s milk was analyzed at 0, 7, and 18 d 
following parturition (Table A3). No effects of dietary choline status or interactions between 
dietary choline status and time were observed for any nutrient. However, for all nutrients 
measured, a main effect of time (P < 0.001) was observed. In general, milk became less 
concentrated over time (as evidenced by a decrease in DM percentage); however, lactose, 
calcium, and phosphorus concentrations increased throughout lactation. 
Free Choline and Amino Acid Analysis 
 Free choline and amino acid composition of sow’s milk was analyzed at 0, 7, and 18 d 
following parturition (Table A4). There was a main effect of day of lactation for free choline 
concentration, where free choline concentrations decreased (P = 0.021) throughout lactation. 
Several amino acid concentrations were affected by dietary choline status and day of lactation. 
An interaction (P = 0.022) between choline status and time was observed for 
phosphoethanolamine where concentrations decreased over time; however, at all time points 
concentrations were higher in CD sows than CS sows. Additionally, an interaction (P = 0.011) 
between choline status and time was observed for threonine where concentrations increased 
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throughout the lactation period in CS sows, but increased from d 0 to d 7 and then decreased 
from d 7 to d 18 in CD sows. 
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Table A1. Composition of experimental gestation and lactation basal diets (choline-deficient)1 
 Gestation Lactation 
Ingredient g/kg 
Ground corn 785.0 652.0 
Molassed dried sugar beet pulp 70.0 65.0 
Soy protein isolate2 60.0 118.0 
Cornstarch 42.7 103.4 
Dicalcium phosphate 20.0 20.0 
Corn oil 10.0 30.0 
Limestone 7.5 6.5 
Vitamin and mineral premix3 3.0 3.0 
Bacitracin4 --- 2.1 
DL-Met 1.5 --- 
L-Trp 0.3 --- 
1Experimental choline sufficient diet was produced by replacing 3.0 g of cornstarch per kg of final 
gestation diet or 2.4 g of cornstarch per kg of final lactation diet with choline chloride (containing 60% 
choline).  
2Ardex F, Archer Daniels Midland, Decatur, IL. 
3Provided per kg of complete diet: Ca, 0.6 mg (CaCO3); P, 298.8 mg ; Mg, 1.8 mg; K, 2.4 mg; Na, 0.3 
mg; S, 172.2 mg; Zn, 125.1 mg; Fe, 129.1 mg (FeSO4); Mn, 60.3 mg (MnSO4); Cu, 10.2 mg (CuCl2, 
CuSO4); I, 1.3 mg; Se, 0.3 mg (Na2SeO3); Cl, 2.1 mg; Vit A, 11.1 kIU; Vit D, 2.2 kIU; Vit E, 66.1 kIU; 
Vit K, 1.4 mg (menadione dimethylpyrimidinol bisulfite); thiamin, 0.2 mg (thiamine mononitrate); 
riboflavin, 6.6 mg; niacin, 44.1 mg; pantothenic acid, 23.5 mg (D-calcium pantothenate); pyridoxine, 
0.2 mg (pyridoxine-HCl); biotin, 0.4 mg; folacin, 1.6 mg; Vit B12, 0.03 mg. 
4BMD60, Alpharma Inc., Bridgewater, NJ. 
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Table A2. Analyzed composition of experimental gestation and lactation basal diets1 
 Gestation Lactation 
 Deficient Sufficient Deficient Sufficient 
Dry matter, % 90.68 90.61 88.61 88.75 
 ------------------------- g/100 g of dry matter ------------------------- 
Organic matter 96.03 95.56 95.90 95.55 
Crude protein 13.67 13.71 17.24 18.34 
Crude fat 3.21 2.69 3.21 2.58 
Gross energy, kcal/g2 4.89 4.83 --- --- 
Choline, mg/kg2 438 1,214 --- --- 
Folic acid, mg/kg2 1.32 2.03 --- --- 
Amino acids     
Arg 0.77 0.75 1.21 1.11 
Cys  0.22 0.23 0.27 0.25 
Iso 0.54 0.54 0.81 0.77 
Leu 1.39 1.42 1.67 1.57 
Lys 0.64 0.64 1.04 0.99 
Met 0.41 0.42 0.26 0.25 
Phe 0.67 0.66 0.97 0.91 
Thr 0.45 0.46 0.69 0.66 
Trp  0.17 0.15 0.20 0.21 
Val 0.71 0.70 0.90 0.87 
1Experimental diets were formulated to meet or exceed requirements for sows (NRC, 2012). 
2Lactation diet formulated to contain - CD:  ME, 3519 kcal /g feed; choline, 517 mg/100 g feed, folic 
acid, 2.60 mg/ 100 g feed, and CS: ME, 3509 kcal/g feed; choline, 1591 mg/100 g feed; folic acid, 2.60 
mg/100 g feed. 
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Table A3. Analyzed macronutrient and mineral composition of sow’s milk1  
 Sufficient Deficient 
SEM 
P – Value2 
Item d 0 d 7 d 18 d 0 d 7 d 18 Trt Day 
Trt x 
Day 
Dry Matter, % 23.90 19.27 17.92 24.02 18.10 17.49 0.939 0.428 <0.001 0.494 
 ---------------------------- g/100 mL of sow’s milk ----------------------------     
Ash 0.69 0.84 0.80 0.71 0.85 0.78 0.023 0.951 <0.001 0.591 
Organic Matter 23.21 18.43 17.12 23.32 17.25 16.72 0.946 0.424 <0.001 0.484 
Crude Protein 15.92 5.94 5.23 15.87 5.91 5.51 0.566 0.890 <0.001 0.948 
Gross Energy, kcal 158.9 133.5 123.1 144.6 132.9 126.9 6.118 0.525 <0.001 0.292 
Acid Hydrolyzed Fat 5.74 9.00 8.23 5.65 7.85 8.31 0.679 0.435 <0.001 0.218 
Lactose 1.10 2.12 2.15 1.31 1.96 1.64 0.496 0.600 0.001 0.364 
Phosphorus 0.09 0.12 0.12 0.10 0.12 0.11 0.005 0.634 <0.001 0.258 
Calcium 0.07 0.17 0.16 0.08 0.17 0.16 0.010 0.667 <0.001 0.551 
1Values are means of 7 replicate sows exposed to either choline sufficient or choline deficient gestation and lactation dietary treatments. 
2 Trt, main effect of dietary choline status; Day, main effect of collection period; Trt x Day; interactive effect of dietary choline status and 
collection period. 
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Table A4. Analyzed amino acid composition of sow’s milk1  
 Sufficient  Deficient 
SEM 
P – Value2 
Amino Acid, µg/mL d 0 d 7 d 18  d 0 d 7 d 18 Trt Day Trt x Day 
1-methyl-histidine 0.00 0.10 0.09  0.00 0.17 0.18 0.09 0.478 0.188 0.850 
3-methyl-histidine 0.00 0.45 0.51  0.00 0.30 0.22 0.11 0.139 0.001 0.391 
Alanine 4.48 32.29 38.99  3.48 29.55 24.61 3.97 0.184 <0.001 0.085 
Alpha-amino-adipate 0.05 1.42 1.67  0.03 1.48 1.07 0.17 0.139 <0.001 0.051 
Alpha-amino-n-butyrate 0.45 0.23 0.49  0.27 0.18 0.10 0.11 0.039 0.396 0.333 
Arginine 3.67 23.05 21.81  3.70 23.30 22.28 2.41 0.900 <0.001 1.000 
Asparagine 0.63a 11.45b 17.55c  0.45a 10.03b 9.84b 1.73 0.093 <0.001 0.042 
Aspartate 2.61 74.14 83.22  1.79 80.50 87.00 7.30 0.652 <0.001 0.841 
Beta-alanine 0.14 2.63 3.00  0.15 2.63 2.09 0.28 0.300 <0.001 0.121 
Beta-amino-isobutyrate 0.00 0.00 0.31  0.00 0.13 0.00 0.14 0.595 0.195 0.751 
Carnosine 4.26 0.95 2.91  4.03 1.51 2.46 0.36 0.896 <0.001 0.318 
Citrulline 0.87 3.74 3.98  0.94 3.71 4.27 0.65 0.833 <0.001 0.930 
Cystathionine/allocystathionine 7.58a 18.13b 5.91a  7.88a 25.80c 3.71a 1.80 0.214 <0.001 0.015 
Cystine 2.00 3.41 4.39  1.91 3.42 3.74 0.30 0.474 <0.001 0.293 
Ethanolamine 11.37c 3.25a 2.48a  7.39b 2.83a 3.67a 1.89 0.460 <0.001 0.052 
GABA 0.42 0.43 3.48  0.22 1.35 3.04 0.52 0.807 <0.001 0.065 
Glutamate 10.15 111.33 115.33  8.70 115.68 115.31 7.66 0.847 <0.001 0.915 
Glutamine 2.74 39.11 42.86  1.84 34.77 21.13 5.25 0.126 <0.001 0.052 
Glycine 4.06 26.22 24.37  2.75 26.68 21.12 2.19 0.675 <0.001 0.628 
Histidine 1.10 7.53 7.91  1.12 5.95 6.50 1.07 0.364 <0.001 0.506 
Homocystine 0.73 1.04 0.06  1.62 1.87 0.00 0.64 0.342 0.057 0.694 
Hydroxylysine 0.19 4.75 5.87  0.18 6.23 5.66 0.49 0.352 <0.001 0.112 
Hydroxyproline 0.50 4.78 6.11  0.61 6.25 4.77 1.03 0.937 <0.001 0.280 
Isoleucine 0.55 2.85 3.02  0.27 2.01 2.26 0.64 0.361 <0.001 0.770 
Leucine 3.04 10.53 9.84  1.79 7.00 7.37 2.73 0.400 0.001 0.747 
Lysine 2.73 15.51 13.89  2.11 14.07 15.61 2.79 0.966 <0.001 0.655 
Methionine 0.30 3.52 3.48  0.11 3.02 3.83 0.81 0.905 <0.001 0.703 
Ornithine 1.15 2.68 1.76  0.92 2.39 1.95 0.39 0.681 <0.001 0.669 
Phenylalanine 1.65 10.12 9.34  1.67 9.33 8.51 2.00 0.753 <0.001 0.927 
Phosphoethanolamine 106.09b 93.01a 93.93a  135.42c 105.90b 100.47ab 4.13 <0.001 <0.001 0.022 
Phosphoserine 11.42 10.13 7.77  11.14 10.17 8.21 0.81 0.922 <0.001 0.869 
Proline 4.53 14.68 17.39  2.78 11.80 13.64 2.68 0.309 <0.001 0.864 
Sarcosine 0.00 1.75 1.67  0.00 1.55 1.09 0.21 0.120 <0.001 0.348 
Serine 4.13 13.98 14.08  3.75 11.83 10.27 1.62 0.202 <0.001 0.415 
Taurine 115.54 204.53 211.79  126.92 218.10 213.15 13.94 0.514 <0.001 0.876 
Threonine 2.41a 11.04b 15.92c  2.43a 10.56b 7.92b 1.81 0.175 <0.001 0.011 
Tyrosine 1.16 12.24 11.51  0.41 12.19 11.06 2.00 0.841 <0.001 0.951 
Urea 121.84 278.74 403.78  158.14 334.08 420.79 24.47 0.124 <0.001 0.536 
Valine 2.25 6.33 6.36  1.26 5.11 5.23 1.21 0.364 <0.001 0.987 
abcMeans within a row and without common superscripts differ (P < 0.05) 
1Values are means of 7 replicate sows exposed to either choline sufficient or choline deficient dietary treatments. 
2Trt, main effect of dietary choline status; Day, main effect of collection period; Trt x Day; interactive effect of dietary choline status and collection period. 
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Figure A1. Impact of dietary choline deficiency during gestation and lactation on milk 
production and piglet growth. Values are means of 7 replicate sows exposed to either choline 
sufficient or choline deficient dietary treatments. Milk performance and collections represent 
days 1, 6-8, and 17-19. There were no effects of treatment for any measure; however, all values 
increased (P < 0.001) throughout lactation. A) 24 hr milk production of sows; B) average milk 
intake by piglet; C) average litter weight by treatment; and D) average piglet body weight. ●, 
choline sufficient; ■ choline deficient 
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Figure A2. Free choline concentration of sows’ milk. Values are means of 7 replicate sows 
provided either choline sufficient (CS) or choline deficient (CD) diets from d 55 of gestation 
through d 19 of lactation. There was no effect of choline status observed (P = 0.675); however, a 
main effect of time was observed for free where choline concentration decreased (P = 0.021) 
throughout lactation. 
 
 
 
 
 
 
 
 
 
